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Abstract 
An investigation into the deformation and tearing of stiffened quadrangular plates 
subjected to a uniform blast load is presented. A series of experimental results and 
numerical modelling using the finite element package; ABAQUS, on built-in 
quadrangular mild steel plates of different stiffener configurations and sizes 
subjected to a uniform blast load are reported. 
The main objectives of this investigation are to determine the dynamic response of 
stiffened quadrangular plates subjected to uniform blast loads, to assess the effect 
of the stiffener configuration and size on plate failure and to use a new approach 
that uses material properties that include temperature dependency to model the 
plate response. 
The experimental procedure consists of creating an impulsive load with the use of 
plastic explosive and measuring the resulting impulse using a ballistic pendulum. 
Explosive is centrally laid out in two concentric rectangular annuli on 
quadrangular plates of thickness 1.6mm with stiffeners of sizes; 3x3mm, 3x7mm, 
4x3mm and 4x7mm; and configurations; none, single, double, cross and double 
cross; to provide the impulse required to give deformations up to plate tearing. 
In all the tests of Mode I category of large inelastic deformation, the plate profiles 
are characterised by a uniform global dome. The results of mid-point deflection 
versus impulse for the various stiffener sizes and configurations for Mode I show 
a generally linear relationship. 
In all the experiments, thinning mechanisms at the boundary are observed for all 
plates despite different stiffener sizes and configurations. Thinning, however, is 
not consistent all around the boundary. Thinning is also observed at the stiffener 
side closest to the boundary for double and double cross stiffened plates. There is, 
furthermore, a reduction in the stiffener width where two stiffeners cross each 
other perpendicularly. 
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With increasing impulse the plate deformation increases to a point where tearing 
occurs. Tearing first occurs at the middle of the sides of the quadrangular plates 
and then progresses towards the corners as the impulse increases. No sign of 
tearing along the stiffener is observed. In all cases tearing occurs across the 
stiffener. Tearing is also found to be a function of maximum displacement of the 
plate irrespective of the stiffener sizes and configurations. The maximum central 
displacement associated with these failures decreases as the stiffness of the plate 
increases. 
A numerical analysis is carried out using the general-purpose finite element code; 
ABAQUS/Explicit which incorporates non-linear geometry, material effects such 
as strain rate sensitivity and temperature effects. A quarter symmetry model using 
eight nodes brick (C3D8R) and six nodes prism (C3D6) reduced integration and 
hourglass control continuum elements is used. The blast load is modelled by 
means of a rectangular pressure pulse. 
The predicted plate responses: mid point displacement, permanent deformed 
shape and rupture are compared to the experimental data. High temperatures and 
severe element elongations due to very high strain in localised area indicates 
where tearing is most likely to take place. The prediction compares very well with 
measured experimental results. 
Conclusions drawn are that the results obtained essentially exhibited both Mode I 
and phases of Mode II failures. Deflection and tearing appear to be dependent on 
both stiffener sizes and configurations. Results obtained from the new approach of 
using material properties that include temperature dependence to model the plate 
response to uniform blast loads are very encouraging. Predictions for permanent 
central deflection, final deformation shape and tearing compare well with the 
experimental work presented. 
It is recommended, therefore, that further experiments should be extended to 
include other load configurations (localised load & load on the side of the 
stiffener) and other stiffener configurations (running along the plastic hinges). 
IV 
With such encouraging results from the new approach using temperature 
dependent material properties, it is also recommended to improve the model by 
incorporating new technique that implements an equation of state to determine 
the material behaviour of the explosive to model structures such as plates 
subjected to blast loading conditions. 
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1.0 Introduction 
Events involving impulsive loading occur in a wide variety of circumstances. All 
too frequently, the results of explosions and collisions; typical events involving 
impact; are reported in the news. These events often result in loss of life or injuries. 
An understanding of such events is crucial. By conducting research into the 
behaviour of beams and plates subjected to impulsive loading, a better 
understanding can be gained and this, in turn, can be used to guide the 
development of rational design procedures for a safer world. 
The investigation into the failure of plates subjected to blast loading conditions has 
been on-going for some years as reported by Nurick and Martin [1,2]. The failure 
of thin plates under impulsive loading is important as a model of engineering 
structures undergoing large plastic deformations under dynamic loads. 
Previous experimental work on quadrangular and circular plates subjected to 
explosive and impact loading was performed in order to measure large inelastic 
deformations - Mode I failure and to investigate the tensile tearing at support -
Mode II failure and the transverse shear at support- Mode III failure[3], the effect 
of the boundary conditions [4]and effect of plate thickness[S]. 
Other works[6,7,8] include the response of one-way and two-way stiffened plates 
subjected to air blast load. The response of the latter is of the order of 200ms[6,7] 
compared to the lSO~s time response of plates subjected to explosive blast load as 
reported by Nurick[9]. However, only a few experimental studies have been 
attempted to determine the response and damage of plates having more than two 
stiffeners subjected to uniform blast load. The primary concern of this 
investigation has been to investigate the link between the stiffener configuration 
and material failure. 
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Numerous attempts with varying degrees of success have been made to model 
impulsively loaded plate structures using finite element models[lO,ll] . The Mode 
I failure has been predicted with relatively good accuracy. However, aspects such 
as material failure due to tearing or fracture are less accurately modelled despite 
the numerous criteria, such as rupture strain, equivalent plastic work and damage 
models, applied. Nevertheless, not many of these models have included 
temperature dependent material properties. A successful numerical model would 
therefore offer substantial savings in cost and time in the long run and also helps 
to gain a better understanding of the blast load. The latter could hence be used to 
predict the response of objects with more complex geometry. 
This thesis reports on the results of an experimental and numerical investigation 
into the dynamic response of stiffened quadrangular plates subjected to uniform 
blast loads. The effect of the stiffener configuration is also presented. The 
numerical analysis is an investigation using a general-purpose finite element 
package; ABAQUS/Explicit to simulate both the large inelastic deformation and 
tearing mode of the plate using temperature dependent material properties. The 
numerical predictions are compared with the experimental results. 
A stiffened quadrangular plate consists of two components: a quadrangular plate 
and a rectangular beam that acts as reinforcement. In addition, there are two types 
of end fixing of plates: clamped plates where the plate and stiffener are clamped 
together by means of support plates and bolts; and built-in plates where the plate 
and the stiffener are machined out of same metal plate including the boundary. 
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The objectives of this report are to: 
• determine the dynamic response of stiffened quadrangular plates subjected 
to uniform blast loads. 
• investigate the effect of the stiffener on quadrangular plates subjected to 
uniform blast loads. 
• investigate the effect of the stiffener configuration on quadrangular plates 
subjected to uniform blast loads 
• perform a numerical analysis to model the dynamic response of the stiffened 
quadrangular plates subjected to uniform blast loads (Mode I) . 
• use the numerical model with temperature dependent material properties to 
attempt to predict Mode II failure of the quadrangular plates subjected to 
uniform blast loads. 
• compare the numerical model with the experimental results 
• draw conclusions and recommendations based on the findings. 
The scope of the investigation was limited to quadrangular plates of fixed exposed 
area. The machining process, although very carefully monitored, did not produce 
plates of consistently similar thicknesses and stiffeners of consistently similar 
sizes. This was due to cutter wear and cumulative machining inaccuracies. 
The entire report is based on information from a series of experiments undertaken 
in the blast laboratory of the University of Cape Town. 
An extensive amount of research from previous experimental work in the form of 
theses or journals was carried out to provide additional information. 
The report begins by discussing the results of the literature review that covers past 
theoretical work, experimental results and observations as well as numerical 
models. Past experimental work was introduced for comparison with the results of 
this investigation. 
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The experimental procedure and the physical indicators such as plate 
deformation, thinning, tearing and failure modes are briefly described in chapter 3 
with the experimental results given in chapter 4. An analysis of the experimental 
results which includes graphs and comparisons with other work is given in 
chapter 5. Chapter 6 sets out the methods of finite element solutions. This included 
the steps taken to achieve a final working model and the justification for the 
modelling decisions. The results obtained from the numerical model are presented 
and compared with experimental results in chapter 7 for purpose of validation. 
Conclusions are drawn and recommendations are made based on the findings . 
5 
2.0 Literature Review 
The response of thin plates clamped at the outer edges and built-in plates 
subjected to both uniform and localised blast loading conditions has been studied 
for a number of years. Extensive experimental studies have been carried out to 
understand the large permanent ductile deformations and rupture of beams, 
plates and shells. urick and Martin [1,2] present an overview of the theoretical 
and experimental results from which it is evident that mqst of the investigations 
deal with a plate that is loaded uniformly over the entire plate area. Further 
studies referred to such as Teeling-Smith[12], Lumpp[13], Olson et al[14] and 
Nurick et al [15,16] show that the focus of such studies has been on circular plates, 
circular plates with singular stiffener, square plates, square plates with singular 
stiffener and rectangular plates with two stiffeners. The recorded responses of 
these structural elements have been compared with the responses predicted 
analytically and numerically. Reviews of the work conducted in this field have 
been published by many researchers[6,7,10, 17,18]. 
2.1 Blast Loa ds 
A blast wave generated by detonating an explosive interacts with any object in its 
path by imposing impulsive or dynamic blast loads causing the object to deform 
or tear. The actual explosion pressure-time loading is a complex decaying pressure 
oscillation that requires, for practical reasons, simplification before applying in 
any structural analysis. Figure 2.1 shows the smoothed pressure-time history for a 
typical blast wave. The peak over-pressure is much larger than the peak under-
pressure so that the negative phase of the blast wave can be ignored. 
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over-pressure 
under-pressure 
Time 
Figu re 2.1 Pressure as a function of time for blast loads. 
Shen and Jones [19] characterised impulsive loading as a pressure pulse having a 
finite impulse with an infinitely large magnitude and an infinitesimally short 
duration. The Steel Construction Institute [20] classified blast loads as 'impulsive' 
if the duration of the load is significantly less than the natural period of the 
structure and the structure has insufficient time to fully respond to the load; and 
as 'quasi-static' if the duration of the loading is much longer than the natural 
period. Loading in the transition region between these two regimes is termed 
'dynamic'. 
Although blast load is a topic needing further research, the Steel Construction 
Institute [20] observed that for impulsive loading, that is, external pressure 
loading of peak intensities of several Megapascals in magnitude over durations 
typically of microseconds, preserving the exact peak load value and the exact load 
duration is not critical. It is, however, important to represent the impulse 
accurately. Figure 2.2 shows some "ideal" pressure-time impulsive loading 
histories found in the literature. 
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Figure 2.2 Simplified pressure-time loading histories for typical blast wave [20]. 
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In the case where the pressure pulse is not well approximated by a blast-type 
pulse, the Youngdahl[21] method of representing the true pulse with a rectangular 
pulse of equivalent impulse has given good results. Farrow, Nurick and 
Mitchell[17] used both a rectangular and a triangular pressure pulse to predict the 
plate deflections, deformation shapes, residual strains and dynamic yield stress of 
a circular plate subjected to uniformly distributed explosive loading using the 
Abaqus finite element code. The rectangular pulse gave results which 
corresponded more favourably with the experiment compared to the triangular 
approximation because of either the difference in pressure peaks or the duration of 
applied load. 
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2.2 Experimental Studies 
2.2.1 MODES OF FAILURE 
Menkes and Opat [3] reported different failure modes for fully clamped metal 
beams loaded impulsively. They reported that as the impulse increased, three 
distinctly different damage modes were noted. The failure modes were classified 
as: 
Model 
Mode II 
Mode III 
Large inelastic deformation of the entire beam 
Tearing (tensile failure) of the beam material at or over the support 
Transverse shear failure of the beam material at the supports. 
These three failure modes are shown schematically in Figure 2.3. 
(al 
f bl 
4=· 
(d 
Figure 2.3 Failure associated with clamped metal beams loaded impulsively. (a) Mode I, Large 
permanent ductile deformation. (b) Mode II, Tensile tearing at supports, (c) Mode III, 
Transverse shear failure at supports. 
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Similar failure modes have also been observed for square plates by Olson, Fagnan 
and Nurick[14] and for circular plates by Teeling-Smith and Nurick[12]. Some 
additions to Mode II failure, which appear to be related to the shape of the plates, 
were reported by Nurick and Shave[22].These were classified as:-
Mode II* 
Mode IIa 
Mode lib 
Partial tearing at the boundary 
Complete tearing with increasing mid point deformation. 
Complete tearing with decreasing mid point deformation. 
It must, however, be noted that while most experiments have been done on plates 
considered fully clamped at the boundary, with fewer experiments done on plates 
with fully built-in conditions at the boundary (see for example Thomas [4]) the 
predictions have either assumed fully built-in conditions at the boundary or 
considered simply supported plates. 
2.2.2 STRUCTURAL RESPONSE 
Several investigations have been reported on beams and on plates subjected to 
uniform impulsive load. 
Nurick et al [23] reported on the large inelastic deformations of T-section 
aluminium alloy beams with fully clamped ends, which are subjected to a uniform 
impulsive load distributed over the entire span. The resulting response of the 
beams was categorised into two groups: global deformation and local 
deformation. The global deformation referred to the transverse deflections of the 
beam mid-plane while the local deformation referred to the bending and shear 
distortion of the flanges. The local deformation was small and occurred only at the 
mid-point. It was also observed that compressive stress was developed in the web 
at the clamped boundary. At large impulses, there were signs of onset of tearing of 
the flanges at the supports. 
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Olson, Nurick and Fagnan[14] observed that tearing of the clamped blast loaded 
non-stiffened square plate occurred first at the middle of the sides and then 
progresses towards the corners with increasing impulse. Also in cases where some 
corners were torn out, the specimen rotated about the other corners. Their 
experiments also revealed a "pulling-in" of the mid-sides of the plates during 
Mode II failure (including initiation). The springback effect decreased with 
increasing impulse. For Mode II failure, as the impulse increased from low to high 
values, the mid-point deflection reached a maximum and then decreased again. 
In another set of experiments on clamped square plates subjected to impulsive 
loads, Nurick and Shave[22] observed that a shear lift occurred on the unloaded 
side of the plate when the plate deformed inelastically. The shear lift, although not 
symmetrical, was evenly distributed on each side of the plate. The total shear lift 
never exceeded about 50% of the total boundary length before tearing begun on 
the one side. Similar observations on tearing to those of Olson, Nurick and 
Fagnan[14] were also made. 
Nurick and Lumpp[13] and Nurick and Conolly[16], investigated the response of 
clamped single stiffened circular plates and clamped single and double stiffened 
rectangular plates subjected to blast loads respectively. In both sets of experiments 
it was observed that the permanent mid-point deflection of the beam was greater 
than the mid-point displacement of the plate with a gap created between the plate 
and the stiffener. That was attributed to the springback effect referred to in Ref 
[14]. 
Nurick and Lumpp[13] also observed that the tearing of the circular plate or the 
stiffener at the boundary occurred in a small range of impulses. For stiffener of 
sizes 8x3mm and 8x4mm, the beam tore at the boundary at impulses lower than 
that required for plate tearing, while the inverse happened for stiffener sizes 
8x5mm and 8x6mm. 
On the other hand, Nurick and Connolly[16] observed tearing along the long side 
(that is the side closest to mid point of the plate) for isotropic plates. However, for 
the stiffened plates - both single and double stiffeners, tearing was observed along 
the short side of the plate. 
~------
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Previous experimental work on stiffened square plates was carried out by Nurick, 
Olson, Fagnan and Levin[lS]. They reported on the deformation and tearing of 
stiffened square plates where the stiffener and the plate were manufactured as a 
single unit referred to as a built-in plate. Their observations showed that for Mode 
I failure, all the experimental results showed a generally satisfactory trend of 
increasing permanent deflection with increasing impulse. 
The onset of tearing in the plate occurred at the fixed boundary for the small 
stiffeners (3 x 2mm and 3 x 4mm) and at the stiffener for the larger stiffeners (3 x 
Smm and 3 x 9mm). The mid-point displacement decreased with increasing 
stiffener size. 
In similar studies, Schubak, Olson and Anderson[6,7] observed that for a very high 
intensity pulse (several times the static collapse pressure) the displacements of the 
stiffeners and nearby plating were approximately the same. It was suggested that, 
away from the lateral edges, the one-way stiffened plates behave much like a 
singly symmetric beam with the plate acting as a large flange. Similarly, a two-
way stiffened plate might behave like a grillage of singly symmetric beams. 
Schubak, Olson and Anderson[24] investigated the response of a five bay, T -beam 
stiffened steel plate (DRES panel) to blast loads. The panel was flush-mounted on 
a foundation and bare high-explosive charges were detonated above it. Heavy 
concrete walls were constructed above the ground along two edges of the panel so 
that the shock front would be reflected from the walls. As a result of the blast, the 
longitudinal edges of the panel slipped inward while the maximum permanent 
displacement occurred at the middle of the panel. 
Recent experimental work on blast loading of stiffened plates on a larger scale was 
carried out by Schleyer, Hsu and White[18] . Their tests were conducted on lm 
square, stiffened plates with and without in-plane restraint. The in-plane restraint 
condition was achieved by using 60 studs to clamp the frame up against the test 
plate. On the other hand, by virtue of a 1-3mm gap between the frame and the 
plate and the absence of studs no direct in-plane restraint was achieved. No use of 
explosives or hydrocarbons to generate the pressure pulse was made. 
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Instead, the pulse was generated by a transient differential pressure, triangular in 
form with a peak nominal pressure of approximately O.lMpa, created by the timed 
blow-down of two pressure loading chambers on either side of the test plate. The 
test programme consisted of static and dynamic tests on clamped plates including 
multiple and reverse loading tests. 
The test results showed that in-plane restraint was responsible for reducing the 
maximum transient deflections in the stiffened plates by almost 50% and 
permanent deformations by more than a factor of 4. There was also no sign of 
lateral buckling in the stiffeners. On the other hand, the stiffeners appeared to 
have had little or no effect on the deflections of the plates without in-plane 
restraint. 
2.2.3 THE EFFECT OF BOUNDARY CONDITIONS ON F AlLURE 
An experimental investigation into the effect of boundary conditions on the failure 
·of thin plates subjected to impulsive loading was carried out by Thomas[4]. The 
results showed that Mode I failure is not affected by the boundary conditions 
whereas for the onset of Mode II failure they are significant. These boundary 
fixation conditions are critical in assessing the tearing mechanisms which occur 
when the blast load is large enough to cause partial or complete tearing on the 
boundaries of the plate. With the observations of thinning at the boundary for 
plate diameters with sharp edge conditions and larger deformations occurring 
before thinning and tearing occur for relaxed boundary edge condition, Nurick, 
Gelman and Marshall[25] identified other modes of failure. These modes were 
identified as different phases within Mode I (large inelastic deformations) and 
were classified as follows:-
Mode I : Large inelastic deformation with no necking at the boundary. 
Mode Ia : Large inelastic deformation with necking around part of the boundary. 
Mode Ib: Large inelastic deformation with necking around the entire boundary. 
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2.3 Theoretic al Predictions 
Theoretical models of dynamic response of thin plates far outnumber 
experimental studies. Simple closed form solutions can often provide a rapid and 
sufficiently accurate design estimate to, for example, plate deflection, deformed 
profiles and residual strains. However, little insight into areas such as transient 
behaviour and tearing failure has been provided. 
The predictions for cases where thin clamped quadrangular plates are subjected to 
impulsive and blast loads include the final mid-point deflection and in some cases; 
the shape of the plate and the response time. The correlation between the 
predictions and the experiments has been shown to be favourable for all these 
parameters. 
Nurick and Martin[1,2] list numerous approximate methods for predicting the 
dynamic global response of thin plates. A dimensionless impulse; <j>q (or damage 
number) proposed by Nurick and Martin[1,2] provides a method to relate the plate 
geometry, impulse and material properties of plates of different thicknesses. This 
relationship is given by:-
where 
I 
<j>q=------
2t2 ( BLpo-o t s 
I : applied impulse; B: plate breadth; L: plate length; 
(2.1) 
t :plate thickness; p : material density; cro : material static yield stress. 
This relationship, however, holds for plates that have been deformed and showed 
no tearing and for quadrangular plates with no stiffener. 
From the above relationship (equation 2.1) , Nurick and Martin [1,2] obtained an 
empirical relationship of:-
8 
- = 0.471¢>q + 0.001 
t 
(2.2) 
where 8 Mid-point deflection; t : Plate thickness; ¢q : Dimensionless Impulse 
for quadrangular plates, with a correlation coefficient of 0.984, where the number 
of data points were 156. 
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Jones[26] proposed rigid-plastic theoretical models that consider the influence of 
finite displacements for the dynamic plastic response of impulsively loaded fully 
clamped beams and quadrangular plates both with rectangular shaped cross-
sections. The models account for the influence of membrane and bending forces 
for large permanent ductile deformation and tensile tearing at supports using a 
square yield criterion. The influence of material hardening is not taken into 
account. However, the strain rate sensitivity was included in the models. The 
approximate theoretical procedure uses the conservation of energy to obtain 
solutions for the maximum permanent transverse displacements. 
The maximum permanent transverse displacement, Wf, of a beam which is fully 
clamped at both ends and impulsively loaded, with a uniform velocity, Vo, across 
the entire span, 2La , is given by:-
W/ = _!_{(1 + 3pV"2 La 2 )2 -1} (2.3) 
H 2 na H 2 (I 
where J I vw -a " t strain rate enhancement; n = - " = 1 + ( ..J2 2 0"0 3 2DL8 (2.4) 
For a quadrangular plate of length 2L and width 2B which is fully clamped around 
the entire boundary and subjected to a uniformly distributed impulsive velocity, 
Vo, the maximum permanent transverse displacement, Wf, is given by:-
where 
and 
wt _ (3-~"l{(l+~)y, -1} 
li- 2{1+(~0 -1)(~"-2)} 
2 V 
2 
L
2/J2 ( 1 ) loading parameter; r = p (I 2 (3- 2~(1) 1- ~() + ~ 1 
3a"H 2- " 
geometry parameter ; ~" = j3 { ( 3 + j3 )X - j3} , 
. j3 B aspect ratio; =-
L 
v:,w 
strain rate enhancement; n = 1 + ( ..J2 1 2 3 2DB t 
(2.5) 
(2.6) 
(2.7) 
(2.8) 
(2.9) 
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Jones[26] also presented a dimensionless initial kinetic energy. This relationship is 
given by:-
A= JLV} L2 
MOH (2.10) 
These approximate theoretical procedures give reasonable agreement with the 
experimental results in predicting Mode I response. 
So far, theoretical solutions that deal with either flat quadrangular plates or simple 
beams have been d iscussed. 
Schubak, Olson and Anderson[6,7] developed a simplified analytical procedure to 
predict the dynamic response of stiffened plates to high intensity load pulses by 
modelling them as rigid-plastic beams or grillages. Partial end fixity of a stiffened 
plate was modelled by connecting the beams to rigid supports with rigid-plastic 
links of zero length and reduced plastic capacities. The true beam yield curve was 
approximated by four linear segments. As a consequence, the response of the 
beam was divided into two distinct linear phases; firstly an initial plastic hinge 
mechanism phase (small-displacement) where the beam resisted the load 
primarily through bending and a later plastic string phase (large-displacement) 
when the beam's bending resistance disappeared. The response was solved by two 
methods. In the first method, the two phases were governed by linear differential 
equations that were solved in closed form. In the second method, the response was 
approximated as a sequence of "instantaneous" mode responses, in which the 
velocity field was a separable function of the spatial and temporal variables. This 
response was solved by an instantaneous mode solution algorithm wherein the 
"instantaneous" modes were taken to be valid over time steps of small but finite 
duration Lit. 
The solution methods were applied to several examples such as five bay T -beam 
stiffened steel plates (DRES panel) and square plates stiffened by three identical 
and evenly spaced T -beam crossing each other · subjected to high explosive 
charges. Good comparison was obtained from the analytical solution and from the 
non-linear beam and stiffened plates finite element program. Some success was 
achieved in comparison with experimental results. 
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Schleyer, Hsu and White[18] adopted a pseudo elastic-plastic approach to predict 
the maximum dynamic deflection and permanent deformation of both stiffened 
and unstiffened plates under pulse pressure loading. The analysis is based on 
simple structural models that are assumed to deform as a whole within a 
prescribed form and the stiffening ribs deforming with the transverse deflections 
of the plate. However, the stiffening ribs were not assumed to develop membrane 
action. 
The contribution of the plate to flexural rigidity of the rib was taken into 
consideration in the analysis. The critical moment in these members was based on 
either lateral buckling of the cross-section when the free edge of the rib was in 
compression or the fully plastic moment capacity of the cross-section or the lower 
of the two values. 
The generalised displacement is achieved by applying the fourth order Runge-
Kutta numerical time-stepping scheme up to a point of maximum displacement. 
The rebound of the plate was not considered in the analysis. The predictions 
showed encouraging correlation with the experimental results. However, the 
pseudo elastic-plastic procedure needs further development, particularly when 
plastic flow and yield line mechanisms become significant in the deformation 
process. 
In general, theoretical techniques are based upon assumptions and simplifications 
and are therefore well suited to the preliminary design of blast-loaded structures. 
2.4 Computational Predictions 
Predictions using computational and numerical techniques of the large 
deformation of structural components, as a result of a blast load, have been 
reported widely in the literature. Radford and Nurick[10], Olson et al[14] and 
Farrow et al. [17], modelled circular and square plates with symmetrical cross-
sections. The predictions of deformation of asymmetrical cross-sections such as 
stiffened plates (a combination of beams and plates) and T-beams have also been 
reported in the literature [Ref 6,7,11,15,27,28]. 
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Houslton and DesRochers[8] performed a finite element analysis to determine the 
time-displacement history of stiffened panels subjected to air-blasts. Schubak et 
al[6,7] developed a simplified method to predict the dynamic response of the 
stiffened panels subjected to air-blasts. The finite element analysis mentioned is 
specifically concerned with air-blast loading, where the duration of the applied 
load is very much longer than that investigated in this study. Houslton and 
DesRochers[8] used a response time of pressure pulse of approximately 200ms, 
whereas the response time of blast load is about 140Jls[6]. 
Nurick, Olson, Fagnan and Levin[14,15] used a computer program called NAPSSE 
(Non-linear Analysis of Plate Structures using Super Elements) to successfully 
predict both maximum deflection and deformation shape of uniformly blast 
loaded non-stiffened and stiffened square plates. The displacement fields 
incorporated into these super elements were represented both analytically and by 
polynomial functions to reduce the number of elements used for design level 
accuracy. 
Nurick et al[14,15] also observed that the influence of strain rate via its effect on 
the yield stress and the plate response was significant. A plot of the predicted 
strain rate, the dynamic yield stress and the time of occurrence for first yield 
versus impulse is shown in Figure 2.4. The strain rates are very high, ranging from 
850 to 3000 per second as the impulse increases from 5 to 30Ns, with the 
corresponding dynamic yield stress varying from 750 to 890MPa. The time to first 
yield decreases from 7 to 2.8Jls, with increasing impulse, all less than the load 
duration of l5Jls. 
IMPULSE (Ns) 
Figure 2.4 : First yield results vs impulse for a 3x4mm single stiffened square plate[15] 
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Figure 2.5 shows a comparison of the deflection-history of the mid-point 
displacement of a square plate subjected to an impulsive load of lSNs of a model 
with rate dependence included and excluded. The strain rate effect not only 
decreases the maximum displacement but also the associated time to reach the 
maximum displacement. 
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Figure 2.5 : Plate mid-point displacement response [14] 
Consequently, the plate profile was affected as shown by the centreline profile 
plots in Figure 2.6. The non-strain rate profile has a larger slope near the boundary 
and a longer developed length. 
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The analysis of the rigidly clamped square plate[14] was carried out using two 
finite element grids to represent one quarter of the plate. The results from the two 
grids exhibited the same trends. As the impulses were increased from zero, the 
predicted permanent deflection increased for the case of Mode I failure retaining a 
characteristic shape. However, it was observed for impulses 20Ns and above, 
Mode II failure was predicted. The predicted profile at the times of first failure 
exhibited a relatively flat portion in the central area of the plate while the 
deformations became more concentrated near the boundary. The predicted failure 
profiles are shown in Figure 2.7. 
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Figure 2.7 : Predicted centreline failure profiles [14] 
The maximum strain distribution is shown in Figure 2.8 for impulses of 20, 25, 30 
and 40Ns. Based on a strain criterion, it was observed that for an impulse of 20Ns, 
Mode II failure would occur first at the centre of each side. For higher impulses the 
failure would occur simultaneously along the central region of each side. 
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Figure 2.8: Strain distribution at Mode II failure [14] 
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The stiffened plates were modelled in a rigorous continuum manner with the 
analogous geometric and material non-linearities included in both the plates and 
the stiffeners[15]. The analysis was carried out for each stiffener case. It was 
observed that the plate initially responded faster than the stiffener. For small 
stiffeners, the maximum displacement occurred at the stiffener centre whereas for 
larger stiffener it occurred in the plate between the boundary and the stiffener. 
The initiation of Mode II failure was predicted to occur at the boundary by a 
maximum strain criterion, but no confirmation was obtained due to the lack of 
experimental data. Figure 2.9 shows the predicted Mode II failure profiles for the 
3x4mm stiffened plate for a sequence of impulses. The Mode II failure was 
indicated by a very high plate bending slope at the boundary. Also the predicted 
critical impulse for Mode II failure at the boundary was found to be independent 
of stiffener size. 
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Figure 2.9 : Predicted failure profiles for 3x4mrn stiffened plate[15] 
Bimha, Nurick & Mitchell [11] modelled the deformation of blast loaded fully 
built-in single stiffened plates successfully for large ductile deformation. Their 
numerical analysis was carried out with the general finite element package; 
ABAQUS; using non-linear geometry and material effects as well as strain rate 
sensitivity. The S4R shell elements and B3I beam elements were used to model the 
plate and the stiffener respectively. Although the prediction of tearing was not 
carried out, it was suggested that Mode II (tensile tearing) failures were likely to 
occur first at the boundaries from the plastic strain distribution (Figure 2.10). The 
predicted strains at the stiffener were significantly less than at the boundary for 
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small stiffeners. For large stiffeners, the strains at the stiffener approached those at 
the boundary. 
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Figure 2.10 : Equivalent plastic strain distribution for the top and bottom sections of the plate for lONs 
impulse (11] 
Until recently, the effects of temperature dependent material properties have been 
excluded in numerical predictions of structural response of thin plates subjected to 
blast loads. Wiehahn et al[29] used the temperature dependent material properties 
to indicate failure occurring as a result of a thermo-mechanical instability and 
localised shear banding. These localised shear bands provided new insights into 
the subsequent failure and tearing mechanism through the thickness of the plate 
undergoing deformation at strain rates in the range of 102 s-1 to 104 s-1. 
Comparisons between experimental and numerical results showed good 
correlations with a temperature independent simulation being a slightly better 
correlation than a temperature dependent simulation for cases where tearing did 
not occur. Deflections obtained from a model using a temperature dependent 
material is slightly higher than those using a temperature independent material. 
However, simulations using temperature dependent properties showed severe 
necking as a result of unrealistically large strains in the localised region clearly 
indicating the point of failure for cases where tearing occurred when a coarse 
mesh was used (Figure 2.11). On the other hand, fine meshes predicted formations 
of shear bands at an angle of either 45° or 135° to the mid-plane of the plate for the 
same cases (Figure 2.12). The exact method of failure is thus highly dependent on 
mesh density. 
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Figure 2.11 : Severe element elongation predicting tearing[29] 
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Figure 2.12 : Formation of shear band at 45° and 135° predicting tearing[29] 
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The emphasis of the numerical analyses, so far, has been on the prediction of the 
response of the structures. Recently Grobbelaar[30] made use of computational 
techniques to model the behaviour of the explosive to acquire a better 
understanding of the blast process and the material behaviour. Until now, the 
loading conditions have been modelled based on assumptions of blast time and 
constant pressure[l1,14,17,27]. Grobbelaar[30] recently made use of the Jones-
Wilkins-Lee equation of state to define the material behaviour of the explosive to 
model the detonation and subsequent expansion of the plastic explosive. In this 
way the explosive material and its interaction with the structure is investigated. 
This provides an insight into the spatial distribution of the explosive process and 
eliminates the need to assume a pressure-space-time distribution for the loading. 
The explosive model was assessed by considering its interaction with 
experimental data for localised blast loaded circular plates. Four loading 
conditions were investigated (load/plate diameter ratio of 0.18, 0.25, 0.33 and 0.40) 
and the trends predicted exhibited satisfactory correlation with the experimental 
results. 
Three phases of the explosive process and its plate interaction were defined: 
Phase I 
Phase II 
Phase III 
The expansion of the explosive from time of detonation to 
interaction with the plate (0-5~-ts) 
Explosive plate interaction (6-30~-ts) 
Expansion of explosion from time of separation from plate to 
time of plate equilibrium (40-450~-ts) 
The expansion of the explosive and its interaction with the plate is shown in 
Figures 2.13. The result shows the explosive expansion at different time 
increments during its expansion. The model shown depicts the 0.25 load/plate 
diameter ratio and 7.7 Ns impulse. 
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Figure 2.13 : Expansion of explosive and its interaction with the plate for a load diameter 25mm and 
impulse 7.7Ns [30] 
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3.0 Experimental Details 
The experimentation reported on in this document was done by the author in the 
Blast Laboratory at the University of Cape Town. The following sections give the 
experimental procedures, material tested, explosive material used and the 
observations that were made. Results obtained from the experimentation are 
discussed in the next chapter. 
3.1 Experime ntal Procedure 
The experimental procedure; the method of creating an impulsive load using 
plastic explosive and the measurement of the impulse using a ballistic pendulum; 
used in this investigation and presented in this report is similar to that used in 
many previous experimental investigations. The ballistic pendulum is the same as 
that used by Nurick et al.[2,4,5,6] involving explosive impact on plates. This 
experimental technique has been proven to give consistent and reproducible 
results. 
The experiments described herein differ from previous experiments in that the size 
of the plates and the configurations and size of the stiffeners are different. 
The apparatus used in these experiments can be classified as follows:-
• Ballistic pendulum used to measure the impulse. 
• Plastic explosive used to impart the impulse. 
• Test specimens, Built-in Plates. 
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3.1.1 BALLISTIC PENDULUM 
A ballistic pendulum was used to measure the uniform impulse applied to the 
plates. It consists of a steel !-beam suspended from a solid concrete roof by four 
spring steel wires, as shown in Figure 3.1. The spring steel wires have adjustable 
screws attached to them, enabling the pendulum to be levelled. At one end of the 
pendulum the built-in test plate (experimental rig) is positioned and at the other 
end balancing masses are attached. These balancing masses are to ensure that each 
spring steel wire carries approximately the same mass thus ensuring that the 
impulse acts through the centroid of the pendulum. Also attached to the ballistic 
pendulum is a recorder pen. This pen is used to record the oscillation amplitude of 
the pendulum on to a sheet of tracing paper. The oscillation amplitude relates 
directly to the impulse imparted on to the test specimen. 
Ceiling 
Spring Steel wire 
I Test Plate& 
Clamping rig 
Spacer Jf.ounterbalanci 
<;f 
rod!:: 
l:l Adjustablescrews masses 
ng 
r-_!_ __ 
- - -----------------1-Beam 
~ ~ ~ Recordingpen 
Base plate Tracing paper 
Figure 3.1 Ballistic Pendulum 
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In order to calculate the impulse from the trace several measurements need to be 
taken of the apparatus. These are presented in Table 3.1. The equations relating the 
motion of the pendulum to the impulse applied to the test plates are given in the 
appendix C. 
Table 3.1 gives the ballistic pendulum constants used in the experiments. 
Mass of I-Beam 28155g 
Mass of Clamping Rig 15385g 
Mass of Counter Balance 23690g 
Total Pendulum Mass (M) 67230g 
R (see appendix C) 2584mm 
Z (see appendix C) 119.62mm 
A (see appendix C) 62.7mm 
T (see appendix C) 3.19s 
Table 3.1 Ballistic pendulum details. 
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3.1.2 EXPLOSIVE LOAD GEOMETRY AND MATERIAL PROPERTIES 
The plates were uniformly loaded using plastic explosive (PE 4), with an 
approximate burn speed of 7500m/ s. This explosive was laid out on a 12mm thick 
polystyrene foam pad which has the dimensions of the exposed plate in two 
concentric quadrangular annuli made by rolling the sheet explosive into cylinders 
and arranged in such a way that there was on average a uniform distribution of 
explosive mass over the specimen. Two perpendicular strips of explosive at the 
centre called cross-leaders interconnected the annuli. A short tail of lg of explosive 
holding the detonator was then attached to the centre of the cross-leaders. The 
foam pad disintegrates on detonation but attenuates the shock transmitted to the 
plate, provides a uniform impulse and prevents spallation of the specimen 
without interfering with the outcome of the test. The mass of the explosive tail and 
the cross-leaders was kept constant for all the tests. Differing masses of the annuli 
explosive were used, giving different impulses, resulting in plate responses 
ranging from Mode I deformations to complete tearing. The plate and load 
configuration is illustrated in Figure 3.2. 
Detonator 
Support plate 
Figure 3.2 Plate and Load configuration 
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3.1.3 BUILT-IN TEST PLATE 
The built-in test plate consists of a 12mm thick and approximately 220mm square 
hot rolled steel. One surface of each plate was ground to provide a flat surface for 
the machining process. A numerically controlled milling machine was used to cut 
a quadrangular section of dimensions 126 x 126mm (square plates) and 
159 x 100mm (rectangular plates) leaving a 1.6mm thick plate with a rectangular 
stiffener 3mm or 4mm wide. Different stiffener heights of 3 and 7mm were cut as 
well as plates without a stiffener. The dimensions were chosen so that the exposed 
area of the two geometries were similar. Table 3.2 shows the different 
configurations of stiffener. Diagrams of typical plates are shown in Appendix E. 
Name Description Sketch Stiffener 
Size 
Square No stiffener within exposed square area [QJ (S) none 
Single A single stiffener machined within ~ 3x3mm Stiffener exposed square area 3x7mm · (S-S) 4x3mm 4x7mm 
Double Two stiffeners machined parallel to each [@] Stiffener other within the exposed square area 3x3mm (S-DS) dividing the plate into three equal areas 3x7mm 
Double-cross Three stiffeners machined within the ~ Stiffener exposed square area dividing the plate 3x3mm (S-DCS) into six equal areas 3x7mm 
Cross Stiffener Two single stiffeners machined ~ (S-CS) perpendicular to each other dividing the 3x3mm exposed square area into four equal areas 3x7mm 
Rectangular No Stiffener within the exposed [§] (R) rectangular area 3x3mm 3x7mm 
Rectangular Two stiffeners machined parallel to each [§] Double other within the exposed square area 3x3mm stiffener dividing the plate into three equal areas 3x7mm (R-DS) 
Table 3.2 : Stiffener configurations 
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In order to take into account the variable dimensions of each plate, the plate 
thickness as well as the width and height of the stiffeners were measured at 
several places and the average reading was taken. Variations in the measurements 
were mainly due to tool wear of the mill cutter. The dimensions of the plates are 
shown in Appendix F. 
The test plate is heat treated to remove all residual stress caused by the machining 
and drilling processes. It is attached to the ballistic pendulum by means of four 
high tensile steel bolts. This is illustrated in Figure 3.3. The clamping force applied 
to the test plates w as assumed to be sufficient to prevent slippage of the specimen. 
Explosive 
----...J!...___mJ 
Figure 3.3 Built-In test plate set-up 
Connecting Rod 
Test te 
Chapter 3 - Experimental details 31 
Standard uni-axial tensile test specimens cut from the thick parts of the test plates 
after being blasted were tested at different strain rates. Assuming the mild steel 
plates to be rigid-viscoplastic, static yield stresses were computed by substituting 
the test results into the Cowper-Symonds relation:-
0"1 ( . J 
_o =1+ ~
O"o Eo 
(3.1) 
where cr1o : Dynamic yield stress; cro : Static yield stress; £ : Strain rate; 
£ o and 11 are material constants. £ o = 40 s-1 and 11 = 5 are commonly used 
and acceptable values for mild steel [26]. 
The results of the tensile tests are shown in Appendix B. 
A summary of the material properties and geometry of the test plate is given in the 
Table 3.3. 
Exposed Area (A) square plates 
Exposed Area (A) rectangular plates 
Nominal plate thickness (t) 
Density (p) 
11 
Poisson's Ratio (v) 
Uniaxial Tensile Stress 
Young's Modulus (E) 
% Uniaxial Tensile Strain at failure 
15876mm2 
15900mm2 
1.6mm 
7769Kg/m3 
40.4 
5 
0.33 
242MPa 
210Gpa 
34.73 
Table 3.3 Plate material properties and geometry 
~'--
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3.2 Experimental Measurements 
For each experiment, two measurements are needed: 
• the measurement of the impulse. 
• after deformation where no tearing has taken place, the final mid-point 
deflection of the plate. 
Plate profile and contour plots are also taken for a number of plates to compare 
the experimental results with the numerical models. 
3.2.1 IMPULSE 
The impulse is determined by the displacement of the ballistic pendulum. The 
equations relating the displacement of the ballistic pendulum to the impulse are 
given in Appendix C. 
3.2.2 MID-POINT DEFLECTION 
The final mid-point deflection is measured mechanically using a height gauge. 
3.2.3 PLATE PROFILE 
The vertical cross-section of the deformed plate that is plate profile is measured by 
means of a coordinate measuring machine (CMM). The accuracy of the machine is 
of the order of lOJ.Lm. The plate profile is taken along the lines of symmetry of the 
plates and 20mm from the centre of the plates parallel to the stiffener. 
3.2.4 CONTOUR PLOT 
An outline of the different levels of displacement of the deformed plates that is 
contour plot is obtained from digital photogrammetry. Digital images of the 
deformed test plates are processed into a computer using pixels and image 
processing technique to obtain the geometric information of the deformed plates. 
The order of accuracy of the plot is less than 0.2mm. 
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4.0 Experimental Results 
A total of 40 tests were conducted in this project. These tests were performed over 
a period of two months. This chapter presents the observations made on 
examining the plates after testing. 
Tables A.l to A.7 in appendix A list the test readings with all the measured data. 
The analysis of the experimental results is discussed in detail in chapter 5. 
4.1 General Plate Deformation 
In all the tests of Mode I category of large inelastic deformation, the plate profiles 
were characterised by a uniform global dome with hinges formed from the corner 
to the central part of the plate. The hinges were formed at 45° from the corners of 
the plate. The global deformation was dictated by symmetry in all cases. During 
the first few tests which involved single stiffened plates, the boundary was 
deformed (see Figure 4.1) due to insufficient support at the boundary. This was 
corrected by attaching an additional support plate at the boundary of the plates. 
Figure 4.1 : Deformed boundary of a single stiffened square plate with stiffener size 3x7mm at 
impulse 34Ns 
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4.1.1 No STIFFENER (SAND R) 
Similar to past experiments on beams, circular plates and square plates, the mid-
point displacement of both the square and rectangular plates increased as the 
impulse increased with the highest displacement occurring in the central area of 
the plate. Typical responses of the square and rectangular plates are shown in 
Figures 4.2 - 4.5. Unlike the square plates where the maximum displacement 
occurred in the central area of the plate, the rectangular plates exhibited two peaks 
along the centre profile of the longest side of the plates at either side of the centre 
line of the longest side of the plate (see Figure 4.4). 
Figure 4.2 : Deformed square plates 
From left to right : Impulse 31Ns and 43Ns; 
mid point displacements : 25.5mm and 32.8mm 
Figure 4.3 : Side view of cut square plate at impulse 31Ns 
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Figure 4.4 : Deformed rectangular plates 
From left to right : impulses 24Ns and 34.8Ns (arrows showing peak) 
Mid point displacement : 15.8mm and 23.2mm 
(red line denotes centre line of shortest sides; blue line denotes centre line of longest sides) 
Figure 4.5 : Side view of cut rectangular plate at impulse 24Ns 
(Arrow showing peak height) 
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4.1.2 SINGLE STIFFENER (S-SS) 
This configuration response is shown in Figures 4.6 and 4.7. The response is 
generally similar to that already described in section 4.1.1. However, the mid-point 
deflection of the stiffened plate (S-SS) was less than the mid-point of the square 
plate (S) for the same load intensity. The latter is discussed in chapter 5. Moreover, 
the mid-point displacement decreased with increasing stiffener size. 
Figure 4.6 : Deformed single stiffened square plates 
Clockwise from top: (COl);stiffener size 4x3mm at impulses 18Ns; mid point displacement ll.Smm, 
(K03); stiffener size 4x7mm at impulses 40.5Ns, mid point displacement 26.6mm, 
(KlO); stiffener size 3x7mm at impulses 34Ns, mid point displacement 24.7mm, 
(AOl); stiffener size 3x3mm at impulses 35.8Ns, mid point displacement 30.1mm 
Figure 4.7: Side view of cut single stiffened square plates 
From top to bottom : stiffener size 4x7mm at impulse 40.5Ns, stiffener size 3x3mm at impulse 35.8Ns 
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4.1.3 CROSS STIFFENER (S-CS) 
The cross stiffened plates deformed symmetrically about the x-y and z-y planes 
like the square p lates with the highest mid-point deflection occurring in the 
central area of the plate as shown in Figures 4.8 and 4.9. For all the stiffened plates, 
the mid-point displacement increased as the impulse increased. 
z-y 
I 
~l~ 
I 
z 
-4-.x 
Figure 4.8 : Deformed cross stiffened square plates 
From left to right : stiffener size 3x3mm impulses 36Ns, mid point displacement 25.9mm; 
stiffener size 3x7mm impulse 32Ns, mid point displacement 17mm 
Figure 4.9 : Side view of cut cross stiffened square plates 
From top to bottom : stiffener size 3x7mm at impulse 35.6Ns and impulse 36Ns 
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4.1.4 DOUBLE STIFFENER (S-DS) AND (R-DS) 
The response of this configuration was generally similar to that described for the 
single stiffened plates (S-SS). Typical plate response is shown in Figures 4.10 to 
4.13. The mid-point displacement of the plate (S-DS) is smaller than the single 
stiffener configuration. For the square plate, the maximum displacement occurred 
over a small central area between the parallel stiffeners whereas for the 
rectangular plates it occurred over a central area that included both parallel 
stiffeners. It was also observed that the distance between the parallel stiffeners; 
referred to as the gap (shown by arrows in Figure 4.10); increased as the impulse 
increased for stiffeners of the same size and same failure mode of the plate. As the 
stiffener size increased the gap size decreased for the same impulsive load. 
Tabulated in Table 4.1 is the percentage increase in the gap size. 
Figure 4.10: Deformed double stiffened square plates 
From left to right : stiffener size 3x3mm impulses 36.9Ns, mid point displacement 25.2mm; 
stiffener size 3x7mm impulse 45.9Ns, mid point displacement 23.0mm 
(arrows show distance between the parallel stiffeners referred to as gap) 
Figure 4.11 : Side view of cut double stiffened square plate with stiffener size 3x7mm 
at impulse 45.9Ns 
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Figure 4.12: Deformed double stiffened rectangular plates 
From left to right : stiffener size 3x3mm impulses 29.2Ns mid point displacement 15.9mm; 
stiffener size 3x7mm impulse 35.5Ns mid point displacement 18.5mm 
(arrows show distance between the parallel stiffeners referred to as gap} 
Figure 4.13 : Side view of cut double stiffened rectangular plate with stiffener size 3x7mm 
at impulse 35.5Ns 
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4.1.5 DOUBLE CROSS STIFFENER (S-DCS) 
The plate response for the double cross stiffener (S-DCS) configuration as shown 
in Figures 4.14 and 4.15 was similar to that of the double stiffened plates (S-DS). 
The double cross stiffened square plates, however, showed more resistance to the 
impulsive load than the double stiffened plate. A decrease in mid point 
displacement was observed for the same load intensity. 
Figure 4.14: Deformed double cross stiffened square plates 
From left to right : stiffener size 3x3mm impulses 35.8Ns, mid point displacement 24.4mm; 
stiffen r size 3x7mm impulse 36.7Ns, mid point displacement 19.8mm 
Figure 4.15 : Side view of cut double cross stiffened square plate with stiffener size 3x7mm 
at impulse 36.7Ns 
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Table 4.1 shows the distance between the two parallel stiffeners (gap size) for 
double stiffened and double cross stiffened plates. Originally the gap size is 40rnrn 
for the double stiffened and double cross stiffened square plates and 50rnm for the 
double stiffened rectangular plates. For the same stiffener size and impulsive load 
the distance between the parallel stiffeners of double stiffened square plate (S-DS) 
is larger than the distance between the parallel stiffeners of the double cross 
stiffened square plate (S-DCS). The percentage increase in gap size is generally 
higher for the square plates than the rectangular plates. 
Specimen Stiffener Stiffener Impulse Gap size % Comments 
Configuration size (mm) Ns (mm) increase 
D57 R-D~ g)(g 29.2 52.5<6' g.10 . Mode I 
Dg6 R-D~ g)(g gg.4. 52.56 g.o6 Mode I 
D11 R-D~ gx7 g1.<6' 52.74. g.4.1 Mode rr· 
D01 R-D~ gx7 g5.5 52.12 2.20 Mode I 
M7g ~-D~ g)(g g6.9 4.g.g 2 <l.go Mode I 
T01 ~-Des! g)(g g5.<6' 4.2. 7<6' 6.95 Mode I 
M22 ~-D~ gx7 g7.5 4.2.1<6' 5.4-5 Mode I 
M17 ~-D~ gx7 4.2.g 4.1.2<6' g.2o Mode II* 
M27 ~-D~ gx7 4-5.9 4.1.<6'4. 4-.60 Mode rr· 
T02 ~-Des! gx7 g6.7 4-1.74. 4..g5 Mode I 
T10 ~-Des! gx7 g6 4.2.00 5.00 Mode II* 
Table 4.1 : Gap s1ze for different stiffener s1zes and Impulses 
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4.2 Thinning of the quadrangular plates 
4.2.1 Plate thinning at the boundary 
At higher impulses, the plates deformed with thinning occurring at different parts 
of the plate. Thinning in the form of necking, as seen in typical tensile tests of mild 
steel (see Figure 4.16), was not visible in any cases. A similar observation about the 
thinning mechanism of built-in square plates subjected to blast load was made by 
Thomas[20], hence showing good repeatability of results. 
lolld 
dltection 
Lo11d 
ditection 
Figure 4.16: Necking as seen in typical tensile tests of mild steel 
Thinning mechanisms at the boundary were observed for all plates irrespective of 
stiffener sizes and configurations as shown in Figure 4.17. Thinning occurred due 
to the larger displacement of the loaded side of the plate towards the centre of the 
plate. Figure 4.18 shows a schematic sketch of boundary thinning. However, 
thinning was not consistent all around the boundary. 
Chapter 4 - Experimental results 
Figure 4.17 : Boundary thinning for square plates of all stiffener configurations 
(denoted by blue arrows) 
From top to bottom: double cross stiffeners size 3x7mm at impulse 36.7Ns, 
cross stiffeners size 3x7mm at impulse 36Ns, double stiffeners size 3x7mm at impulse 37.5Ns, 
single stiffener size 4x7mm at impulse 40.5Ns, no stiffener at impulse 31Ns 
Lo11d plate 
ditection 
' 
boundary 
Loaded side 
Figure 4.18 : Schematic sketch of boundary thinning 
43 
Chapter 4 - Experimental results 44 
4.2.2 Plate thinning at the stiffener 
For double and double cross stiffened plates (S-DS, R-DS and S-DCS), it was 
observed that the plate thins at only one side of the stiffener. In all such cases, 
thinning occurred at the side of the stiffener that is closest to the boundary as 
shown in Figures 4.19 and 4.20 No sign of thinning is observed at the other side of 
the stiffener. The plate thinning was more visible in the double stiffened square 
plates (S-DS) than in the double cross stiffened square plates (S-DCS) and the 
double stiffened rectangular plates (R-DS). 
Figure 4.19 :Plate thinning in the vicinity of the stiffener of square plates (denoted by arrow) 
From top to bottom: double cross stiffened square plate with stiffener size 3x7mm at impulse 36.7Ns 
double stiffened square plate with stiffener size 3x7mm at impulse37.5Ns 
Figure 4.20 : Plate thinning in the vicinity of the stiffener of a double stiffened rectangular plate with 
stiffener size 3x7mm at impulse 36.7Ns (denoted by arrow) 
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4.2.3 Thinning of the stiffener 
Thinning was also observed in the stiffener. A reduction in the stiffener width; 
illustrated in Figures 4.21 and 4.22; was observed. These occurred only in cases 
where the two stiffeners crossed each other perpendicularly; cross-stiffened 
and double-crossed stiffened square plates. The thinning only took place at the top 
of the stiffener. The latter is shown in Figure 4.22. This could be the result of the 
stretching of the stiffeners as the plate deformed. 
Figure 4.21 : Stiffener thinning of a double cross stiffened square plate with stiffener size 3x3mm at 
impulse 36Ns (denoted by arrow) 
Figure 4.22: Stiffener thinning of cross stiffened square plates (denoted by arrow) 
From left to right : stiffener size 3x3mm at impulse 36Ns; stiffener size 3x7mm at impulse 36Ns 
yellow arrows highlights thinning in stiffener width 
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4.3 Tearing of the quadrangular plates 
The plate deformation increased as the impulse increased causing the plate to thin. 
After the occurrence of thinning, the subsequent rupture of the plate was 
observed. Tearing first occurred at the middle of one side of the square plates and 
then progressed tow ards the corners as the load intensity increased; also reported 
by Olson et al [14, 15]. For the rectangular plates, tearing first occurred at the 
centre of one of the longest sides; that is the sides closest to the mid-point of the 
plate; and then progressed towards the corners as the impulse increased. Figure 
4.23 shows tearing initiation in both the square and rectangular plates. 
Figure 4.23 : Tearing of non-stiffened plates(shown by arrows) 
From left to right : square plate at impulse 43.4Ns; Rectangular plate at impulse 34.8Ns 
For stiffened plates, Mode II failure (tearing at the supports) always occurred first 
at the middle of one of the supported boundaries parallel to the stiffener. As the 
impulse increased, the number of torn sides increased, progressing from one side 
of tearing to two sides of tearing to three sides of tearing. These cases are 
designated as Mode Il-l, Mode II-2 and Mode Il-3 respectively. Figures 4.24 and 
4.25 show the different Modes II failures at which tearing took place for single 
stiffened square plates (S-SS) and double stiffened square plates (S-DS) 
respectively. 
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Figure 4.24 : Tearing of single stiffened square plates -
From left to right : stiffener size 4x3 at impulse 39.8Ns; stiffener size 4x7 at impulse 41Ns; 
stiffener size 3x3 at impulse 40.6Ns 
Figure 4.25 : Tearing of double stiffened square plates 
From left to right : stiffener size 3x7 at impulse 42.3Ns; stiffener size 3x7 at impulse 45.9Ns 
red arrows shows tearing across corner 
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Moreover, it was observed that in most cases where two sides perpendicular to 
each other tore, the plate sides tore across the corner of the plate as seen in 
Figure 4.25 (red arrow). 
During the Mode II* failure phase, some "pulling-in" along the mid-sides of the 
plate was observed as the plate tore away at the boundary. This "pulling-in" 
seemed to result from the deformation of the plate which continued after one side 
of the plate had torn. The latter can be seen in all cases where at least one side of 
the plate has torn. 
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Figure 4.26 : Tearing of cross stiffened square plates (green arrow points out "pulling-in") 
From left to right : stiffener size 3X7 at impulse 37.6Ns; stiffener size 3X7 at impulse 45.8Ns 
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Furthermore, no sign of tearing was observed along the stiffener even if thinning 
was observed in the vicinity of the stiffener. In all cases of tearing the plates tore 
across the stiffener at the boundary as seen in Figures 4.24-4.26. Also none of the 
plates had all four sides torn in a specific test. When three sides had torn, the 
plates tended to bend backwards as seen in Figures 4.24 and 4.26. 
Illustrated in Figure 4.27 and 4.28 are the first sign of tearing of a double cross 
stiffened square plate (5-DCS) and a double stiffened rectangular plate (R-DS) 
respectively. 
Figure 4.27 : Tearing of double cross stiffened square plates with stiffener size 3Xlmm at impulse 36Ns 
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Figure 4.27 : Tearing of double stiffened rectangular plates with stiffener size 3x7mm 
at impulse 31.8Ns 
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Moreover, when the tearing occurred little sign of thinning was observed at the 
point of failure at the boundary to suggest tensile tearing. Figure 4.29 below shows 
a close-up of boundary tearing of a single stiffened square plate. 
Figure 4.29 : Boundary tearing of single stiffened square plate with stiffener size 3x3mm 
at impulse 37.8Ns 
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5.0 Analysis of Experimental Results 
This chapter of the report examines the experimental results from a dimensional 
parameters perspective in terms of material properties and the plate geometry. In 
particular, the relationship between the mid-point deflection and impulse is 
investigated. 
The section closes with a discussion of the overall effects of the configuration and 
size of the stiffeners on the material failure. 
5.1 The Relationship between Plate Deflections and 
Impulse 
The results of mid-point deflection versus impulse for the vanous stiffener 
configurations and stiffener sizes are shown in Figure 5.1. The graph only shows 
the failures that fall into the Mode I category. The results show a general trend of 
increasing permanent deflection with increasing impulse for the same stiffener 
configurations and sizes. Some data points do, however, differ slightly from the 
general trend because of the fact that the plate and stiffener dimensions deviate 
from the nominal values. 
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Nevertheless, when grouped in terms of the stiffener thickness, the results confirm 
the generally linear relationship between the mid-point deflection and the 
impulse. The results are categorised into three groups: 
1. single stiffened square plates with stiffener height of less than Smm and 
non-stiffened plates. 
2. single stiffened square plates with stiffeners height of 7mm and other plates 
with different configurations of 3mm thick stiffeners. 
3. stiffened plates with different configuration of 7mm thick stiffeners. 
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Figure 5.1 Mid-point deflection versus Impulse showing the various stiffener configurations and sizes. 
(axb refers to the size of the stiffener); S-SS 3x2, S-SS 3x4, S-SS 3x5 and S-SS 3x9 are results obtained by 
Olson [6] 
The graph includes results obtained by Olson[6](see Appendix A). The data 
obtained by Olson[6] correlates well with those of the present experiment showing 
repeatability of such experiments; except for the case where the square plates have 
a single 9mm thick stiffener (S-SS 3x9). The latter could be because of a difference 
in static yield stress of the material. 
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A procedure to resolve the problem of differences in thicknesses is to use 
dimensionless numbers. However, because of the stiffeners, the thickness of the 
plate is modified by adding the ratio of total cross-sectional area of the stiffeners to 
the width of the plate and the thickness of the plate as illustrated in equation 5.3. 
Figure 5.2 shows a schematic sketch of how the plate thickness is modified. 
- - t 
H 
--.--
, ......................... .. . ...................... , • t 
~ ~~--------------------~~~t 
• I· wp ~1 
Figure 5.2 : Schematic sketch of modified plate thickness 
wpTs=wpt+As 
(5.1) 
where Total cross sectional area of stiffeners; As = L W 5 H 
thus Modified plate thickness; T =As +t 
s w 
where 
p 
Ts: modified plate thickness; Wp: width of plate; 
Ws: width of stiffener; H: Height of stiffener 
As : Total cross sectional area of stiffeners; t: plate thickness 
(5.2) 
(5.3) 
When this data is plotted in the dimensionless form; that is mid-point deflection 
modified thickness ratio versus dimensionless impulse; the influence of plate 
thickness, stiffener size and configuration is no longer as evident. 
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The deflection modified thickness ratio (8/t) plotted against <j>q, in which a least 
square analysis performed on the results of 30 untorn plate is shown in Figure 5.3 
with a ±1 mid-point deflection thickness ratio repeatability bound. 
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Figure 5.3 : Graph showing Mid-point deflection modified thickness ratio vs dimensionless impulse 
The analysis resulted to a relationship of:-
8 
- = 0.435¢>q - 0.97 
t 
with a correlation coefficient of 0.857, where the number of data points was 30. 
The gradient obtained from analysis is smaller compared to the relationship of 
8 
- = 0.471¢q + 0.001 for non-stiffened square plates obtained by Nurick and 
t 
Martin[1,2]. 
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5.2 The effec t of the size of the stiffener 
The permanent displacement profiles along the lines of symmetry of single 
stiffened square plates (S-SS) exposed to approximately the same impulse 
(nominal 34Ns) are shown in Figures 5.4 and 5.5. It can be seen that the central 
maximum displacement decreases as the stiffener height increases from 3 to 7mm, 
and the overall plate profile changes along the centre line that lies across the 
stiffener. For the small stiffener (3x3), the maximum displacement clearly occurs 
over a small area at the stiffener centre thus resulting in a small peak unlike for the 
larger stiffeners (3x7 and 4x7) where it occurs over a larger area resulting in a 
relatively flat peak. A similar pattern was observed for other stiffener 
configurations; see Table 5.1. Further investigations on the effect of the size of the 
stiffener are carried out in the Finite Element section (chapter 7) using data from 
the numerical analysis. 
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Figure 5.4 : Profiles along the stiffener for single stiffener sizes at a nominal impulse 34Ns 
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Figure 5.5 : Profiles centreline across the stiffener for single stiffener sizes at a nominal impulse 34Ns 
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A method to assess the effect of the size of the stiffener is to compare the highest 
mid-point displacement for the corresponding impulse for the different stiffener 
configurations and sizes for both square and rectangular plates. Due to 
experimental scatter a nominal impulse value of 35Ns is considered for all plates. 
Using a non-stiffened plate as a reference, (square plate and rectangular plate) a 
percentage difference in impulse and maximum deflection is calculated. The 
results are tabulated in Table 5.1 and plotted on a bar chart; Figure 5.6. It is 
observed that despite the fact that there is an increase in impulse (refer to Table 
5.1), the maximum deflection of the plate decreases as the stiffener height 
increases. From Figure 5.6, it is observed that the percentage decrease in deflection 
increases as the cross sectional area of the stiffener increases. 
Plate X- section % impulse Maximum % deflection 
configuration area of Impulse difference deflection difference 
stiffener from square from square 
plate plate 
(mm2) (Ns) (mm) 
s - g1 - 25.54- -
S-SS 3x3 9 g5.'? +9.7 go.1 +17.'? 
S-SS 3x7 21 g4- +19.4- 24-.7 _g .g 
S-SS 4x3 12 g2.g + 14-.'? 21.74- -14-.'? 
S-SS 4x7 2'? g2.9 + 1'?.4- 20 -21.7 
s - g1 - 25.54-
S-DS 3x3 1'? gs.9 +19 25.2 _J.g 
S-DS 3x7 4-2 g7.5 +21 2g.o1 -9.9 
s - g1 - 25.54-
S-DCS 3x3 27 g5.'? +15.5 24-.4- -4-.5 
S-DCS 3x7 sg gs.7 + 1'?.4- 19.'? -22.7 
s - g1 - 25.54-
S-CS 3x3 1'? g5.9 +15.'? 25.9 +1.4-
S-CS3x7 4-2 g5.s +14-.'? 21.5 -15.'? 
R - g4- - T otn at boundaty 
R-DS 3x3 1'? gg.4- -1.'? 16.4-5 -
R-DS 3x7 4-2 g5.5 +4-.4- 1'?.4-5 -
Table 5.1 : Comparison of mid-point displacement for different stiffener sizes 
at a nominal impulse 35 Ns 
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The highest mid-point displacement for the different stiffener configurations of 
stiffener size 3x7mm is tabulated in Table 5.2 for a nominal impulse of 34.8Ns. 
Using a non-stiffened square plate as a reference a percentage difference in 
impulse and maximum deflection is calculated. It is observed that as the plates 
become stiffer (with the addition of more stiffeners) the maximum displacement 
decreases. Furthermore, the cross-stiffened square plates offer more resistance to 
the blast load than the double stiffened square plates even though both stiffener 
configurations use two stiffeners. From Figure 5.7 it can be noted that percentage 
decrease in maximum displacement shows a seemingly linear relationship with 
stiffness of the plate. 
Plate X- section % difference Maximum % difference 
configuration area of Impulse from square displacement from square 
stiffener plate plate 
(mm2) (Ns) (mm) 
s g1 25.54 
S-SS 3x7 21 g4 +9.7 24.7 .g,g 
S- DS 3x7 42 g7.5 +21 2g -7.rt 
S-CS 3x7 42 g5.6 +14.rt 20.rt4 -1rt.4 
S-DCS 3x7 6g g6.7 + 1rt.4 19.76 -22.6 
R g4 +9.7 T oth at bouhdaty 
R-DS 3x7 42 g5.5 +14.5 1rt.45 -27.rt 
Table 5.2 : Comparison of mid-point displacement for different stiffener configurations at a mean 
impulse 34.8 Ns 
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Figures 5.8 - 5.11 show the profile of the stiffened plates compared with a non-
stiffened plate. Although no quantitative comparison of the stiffened plate and the 
non-stiffened plate can be made due to the difference in impulse, an assessment of 
how the stiffened plates deform relative to the non-stiffened plate can be made. 
Figure 5.8 : Comparison of profile of a square plate at impulse 31Ns (bottom) and a single stiffened 
square plate with stiffener size 4x7mm at impulse 40Ns (top) (arrows denote curvature). 
The shape profile of the square plate (S) shows a greater curvature compared to 
the single stiffened square plate (S-SS) between the boundary of the plate and the 
point of maximum displacement. 
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Figure 5.9 : Comparison of profile of a square plate at impulse 31Ns (bottom) and a double stiffened 
square plate with stiffener size 3x7mm at impulse 37Ns (top) (arrows denote curvature). 
The double stiffened square plate (S-DS) shows a change in curvature along its 
profile; concaving up near the boundary and concaving down near the central area 
of the plate. How ever, in the case of the non-stiffened square plate (S) the 
concavity of the profile does not change. 
Figure 5.10 : Comparison of profile of a square plate at impulse 31Ns (bottom) and a cross stiffened 
square plate with stiffener size 3x7mm at impulse 36Ns (top) (arrows denote curvature). 
The profile of the square plate (S) appears to rise in a linear manner from the 
boundary, whereas the cross stiffened (S-CS) plate shows a sharp curvature at the 
boundary. The cross stiffened plate also exhibits a flat region in the middle of the 
plate. 
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Figure 5.11 : Compar ison of profile of a rectangular plate at impulse 24Ns (bottom) and a double 
stiffened rectangular plate with stiffener size 3x7mm at impulse 35.5Ns (top) (circle denotes area of 
maximum displacement) 
A comparison of the profile of a rectangular plate (R) and double stiffened 
rectangular plate (R-DS) with stiffener size 3x7 is illustrated in Figure 5.11. The 
profile of both plates between the boundary and up to the maximum displacement 
(between the two vertical dotted lines) of the rectangular plate is similar. 
However, the maximum displacement of the double stiffened rectangular plate 
(R-DS) occurs at the centre of the plate while the maximum displacement of the 
rectangular plate (R) occurs on either side of the centreline of the plate. 
Figure 5.12 : Comparison of profile of a double stiffened square plate with stiffener size 3x7mm at 
impulse 37.5Ns (bottom) and a double cross stiffened square plate with stiffener size 3x7mm at impulse 
36.7Ns (top) (arrows denote curvature). 
The profile of the double cross square plate (S-DCS) appears to rise in a linear 
manner from the boundary concaving down near the maximum displacement. 
The double stiffened plate (S-DS) shows a change in curvature of its profile, 
concaving up near the boundary and concaving down near the central area of the 
plate 
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5.4 Tearing of the plate 
Table 5.3 below shows results of an investigation of the relationship between 
maximum displacement, impulse and tearing of the stiffened quadrangular plates. 
It is observed that the maximum mid-point displacement at which tearing occurs 
for the double cross stiffened square plate is less than that for the square plate. 
Tearing is found to be a function of maximum displacement of the plate 
irrespective of the stiffener size and stiffener configuration as reported by Olson[S] 
and Shave[13]. The maximum central displacement associated with these Mode II 
failures decreases as the stiffener size increases. For plates that have more 
stiffeners the maximum central displacement deflection at which tearing occurs 
decreases. 
Furthermore, the average length of tear does not show any relationship with either 
the maximum displacement or the impulse or the stiffener configurations or the 
stiffener sizes. 
Specimen Plate Impulse Maximum mid-point Average length 
configuration displacement of tear 
(Ns) (nun) (nun) 
S!01 S! 4.g.4. g5.4.6 72.7 
AQg S!-S!S! g )(g g7.~ g1.9 ~~.7 
C17 S!-S!S! g)(g g9.~ gt.64. ~1.5 
K04. S!-S!S! 4-x 7 4.1. 1 25.62 76.69 
M17 S!-DS! gx 7 4.2.g 25.52 79.4. 
S!4.5 S!-CS! g)( 7 g7.6 24..~~ 
T10 S!-DCS! gx7 g6 21.g4. 
S!51 R g4..~ 22.76 64..9 
D1 1 R-DS! gx7 gt.~ 20.12 
Table 5.3 : Relationship between tearmg and maXImum rmd-pomt displacement 
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6.0 Finite Element Formulation 
The following chapter outlines the finite element method and data used for the 
numerical simulation of the mild steel plates. 
6.1 Finite Ele ment Analysis Method 
The numerical analysis was carried out using ABAQUS; a general-purpose finite 
element program. In this case, ABAQUS/Explicit was used. ABAQUS/Explicit 
analysis incorporates non-linear geometry, material effects as well as strain rate 
sensitivity and temperature effects into its models requiring no iterations and 
tolerances or global tangent stiffness matrix. It is computationally efficient for the 
analysis of large models with relatively short dynamic response times as with the 
case with blast loading conditions. It solves the governing equations by using an 
explicit integration scheme together with the use of diagonal ("lumped") element 
mass matrices. The explicit integration is carried out with a central difference 
scheme using the accelerations calculated at time, t; to advance the velocity 
solution to time, t+~t/2 (as opposed to direct-integration available in 
ABAQUS/Standard); and the displacement solution to time, t+~t. Such a 
numerical integration is however, conditionally stable, with the stability being 
governed by the time step taken in the integration scheme. In the application of 
blast loaded plates, high frequency waves are propagated through the specimen. 
To resolve the high frequency components, the time step in the solution scheme 
must be smaller than the time it takes for a dilation wave to cover the length of an 
element. The critical time increment to ensure stability can be represent by the 
equation 6.1. 
where 
(6.1) 
Ul : characteristic element length; p the material density; 
'A and )l : Lame's material constants 
ABAQUS/Explicit is unlike Standard in that convergence is not sought after each 
time increment, thus the time stepping in the explicit scheme is extremely small to 
maintain accuracy. For this reason the explicit scheme is ideally suited to short 
duration and high-speed dynamic events, as is the case with blast loading. 
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6.2 Geometrical modelling of the Built-in plate 
In the finite element model, the object being modelled is discretised into a number 
of elements. The choice of these elements depends on the type of analysis and the 
geometry of the body. 
6.2.1 TYPES OF ELEMENTS USED IN THE FINITE ELEMENT MODEL 
The ABAQUS element library provides a complete geometric modelling 
capability. For this reason any combination of elements can be used to make up 
the model. It is also possible to formulate and implement a user-defined element. 
However, the elements available in the library were sufficient for this study. From 
the library the following elements were chosen since they were applicable to the 
material and geometry being modelled. A number of different models were 
created, and the various elements used were:-
C3D6 ELEMENT 
The C3D6 is a 6-noded linear prism, 3-d continuum element. It has reduced 
integration, hourglass control and three active degrees of freedom; Ux, Uy and Uz; 
at each of its nodes, namely translation in the X, Y and Z directions. 
Figure 6.1 : A schematic of a C3D6 element, showing node numbering and co-ordinate system 
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C3D8R ELEMENT 
The C3D8R is a 8-noded linear brick, 3-d continuum element, reduced integration 
and hourglass control. This element is similar to the C3D6 element with the 
exception of having 8 nodes and constituting a brick shape. 
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Figure 6.2 : A schematic of a C3D8R element, showing node numbering and co-ordinate system 
6.2.2 MESHING THE F'INITE ELE:MENT MODEL 
The number of elements used in a model has a significant effect on the finite 
element analysis. The solution approaches the exact solution of the governing 
equations as the number of elements approaches infinity in the finite element 
formulation. It is therefore essential that a sufficient number of elements be used 
to ensure that a satisfactory representation of the exact solution is found. 
However, as the number of elements increases so does the computational expense. 
The increase in computational time with the increasing number of elements can be 
attributed to two factors:-
• The number of degrees of freedom needing to be analysed increases. 
• The stable time increment for the numerical integration decreases. 
An ideal model must, thus, have sufficient elements to accurately describe the 
model history while minimising that number to reduce computational time. 
Another restriction on the model is the aspect ratio; the ratio between the longer 
and shorter dimensions of an element. If the aspect ratio is exceeded by a factor of 
more than 4 the element is considered excessively distorted and the analysis will 
be terminated. In the case of expansion in a single direction a small element can 
afford less expansion than a larger element due to it having a smaller adjacent 
side. 
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Applying symmetry conditions to the model reduces both computational time and 
file sizes of the analysis. This reduced model due to symmetry decreased the 
computational time by a factor of four while the results are still unaffected. In an 
attempt to reduce further computational time, the plate was modelled in such a 
way that the entire thick part of the plate (the boundary) was excluded. The 
simulation failed to give the appropriate deformed shape and was thus rejected. 
The failed attempt is shown in Figure 6.3. The failure at the boundary represented 
by extensively elongated elements was due to the high constraints at the 
boundary. The plates do not have enough "room" to thin at the edge. 
Figure 6.3 : Rejected model due to failure at the boundary 
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The finite element model was thus extended to include the actual plate geometry 
with its boundary. Only a quadrant of the built-in plate was modelled with 
symmetrical boundaries imposed about the y-z and x-y planes as shown in 
Figure 6.4. Figure 6.4 shows a typical double-crossed stiffened plate with the 
planes of symmetry. 
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Figure 6.4 : Model of a double cross stiffened built-in square plate with symmetry conditions applied. 
6 .3 Material Properties of the built-in plate 
Mild Steel plates undergoing blast-loading conditions plastically deform at high 
strain rates causing localised high temperatures due to the strain rate. Material 
properties at such strain rates and temperatures are still being investigated. 
ABAQUS/Explicit offers several material failure models. Two models can be used 
to model high strain rate deformation. They are : 
• the Johnson-Cook plasticity model 
• the Classical metal plasticity model 
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6.3.1 JOHNSON-COOK PLASTICITY MODEL 
The Johnson-Cook plasticity model is a particular type of Mises plasticity model 
with analytical forms of the hardening law and rate dependence. It is typically 
used in adiabatic transient dynamic simulations. Johnson-Cook hardening is a 
particular type of isotropic hardening where the static yield stress; cro, is assumed 
to be in the form of :-
where 
(6.2) 
£ pl : equivalent plastic strain; e : non-dimensional temperature 
A, S, n and m : material parameters measured at or below the 
transition temperature, Stransition· 
The non-dimensional temperature is defined as:-
! 0 for s < Stransition B = ( e-etransition ) I ( e melt - etransition) for Stransition ~ S ~ Smelt 1 for S > Smelt ( 6.3) 
where S : current temperature; Smelt: melting temperature 
Stransition : transition temperature defined as the one at or below which 
there is no temperature dependence on the expression of the yield stress. 
The Johnson-Cook model is only valid up to the melting temperature. However, 
the Johnson-Cook model requires extensive information describing the material 
constants that depend on the transitional temperature that is difficult to find 
because of the high strain rates and temperatures. For this reason, it was not 
included in the scope of this study. 
6.3.2 CLASSICAL METAL PLASTICITY MODEL 
The classical metal plasticity model was adopted for this study. The classical metal 
plasticity models use standard Mises or Hill yield surfaces associated with plastic 
flow, which allow for isotropic and anisotropic yield respectively. It involves 
using stress-strain data from uni-axial tensile tests that are modified for yield 
hardening, strain rate and temperature dependencies. A strain based shear 
failure/predictor was also used. 
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6.3.3 YIELD HARDENING 
Most materials that exhibit ductile behaviour yield at stress levels that are orders 
of magnitude less than the elastic modulus of the material, which implies that 
Young's modulus describes their elastic region. However, for the plastic region, 
true stress and logarithmic plastic strain data are required. For an isotropic 
material; mild steel in the case of this study; the nominal stress-strain data 
obtained from uni-axial tests is converted to true stress and logarithmic plastic 
strain as follows 
where 
(]'true = (J' nom ( 1 + Cnom) 
£ pl = ln (1 + £ ) - (Jtrue 
~ oom E 
O'true : true stress; O'nom: nominal stress; £nom :nominal strain 
£1~1 :logarithmic plastic strain; E: Young's Modulus 
(6.4) 
(6.5) 
A graph of the true stress and logarithmic plastic strain for mild steel is shown in 
Figure 6.5 
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Figure 6.5 : Graph of true stress vs logarithmic strain 
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6.3.4 STRAIN RATE DEPENDENCE 
Mild steel typically exhibits linear elastic and isotropic strain hardening plastic 
behaviour with a significant dependence on strain rate. The Von Mises yield 
criterion with isotropic hardening is an appropriate model to describe the elasto-
plastic properties of the built-in steel plate. Hardening as a result of the strain rate 
effect was modelled using the Cowper-Symonds relation shown in equation 6.6. 
a
1 
( t t _ o =1+-
O"o t o 
(6.6) 
where cr1o : Dynamic yield stress; cro : Static yield stress; £ Strain rate; 
& o and 11 are material constants. & o = 40.1 s-1 and 11 = 5 are the commonly 
used and acceptable values for mild steel [26] . 
6.3.5 TEMPERATURE DEPENDENCE 
Plastic work results in heat generation causing the degradation of material 
properties. Since ABAQUS/Explicit allows adiabatic stress analysis to be 
performed where heat is generated by the plastic strain, temperature dependent 
material properties were incorporated in the numerical analysis. Masui et al.[31] 
reported the temperature dependence of Young's modulus and yield stress for 
mild steel, as shown in equations 6.7 and 6.8: 
E = 207x109 - 58.34x106 ·'t 
E = 3.1x105 · ('t- 1100)2 + 97x109 
O"o = O"yo 
O"o = O"yo · [1- 0.00178 · ('t-200)] 
for 
for 
for 
O"o = O"yo · [0.133- ('t-700) · 3.884X10-4] for 
for 't ~ 600 °C 
600°C < 't ~ 1100 °C 
't ~ 200 °C 
200°C < 't < 700 °C 
7000C ~ 't ~ 1000 oc 
where E: Young's Modulus; 't: material temperature; 
(6.7) 
(6.8) 
cro : static yield stress; O"yo : static yield stress at the reference 
temperature of the tensile test. 
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The temperature rise due to the plastic strain is computed using the specific heat 
of the metal while the Young's Modulus and true stress-logarithmic plastic strain 
data are put in tabular form for different temperatures. ABAQUS/Explicit 
determines the exact Young's Modulus and strain by linearly interpolation of the 
tabulated values. 
Figure 6.6 shows Young's Modulus as a function of temperature. The Young's 
modulus gradually decreases linearly from a value of 207GPa at room 
temperature to 175GPa at 600 °C. Thereafter for higher temperatures, it decays 
quadratically to lOO.lGPa at 1000 °C. 
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Figure 6.6 : Graph of Young's Modulus vs temperature 
The static yield stress as a function of temperature is shown in Figure 6.7. In this 
case, the yield stress remains constant until the temperature reaches 200°C, at 
which point it decays at a rate of 449kPa/°C; (gradient of curve) until the 
temperature reaches 700°C. From 700°C to 1000°C, the yield stress further 
decreases but at a slower rate of 100449kPa/°C; (gradient of curve) . 
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Figure 6.7 : Graph of yield stress vs temperature 
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A comparison of the temperature effect on the yield stress and Young's modulus is 
shown in Figure 6.8 The yield stress and Young's Modulus were normalised by 
dividing the yield stress and Young's Modulus at any temperature by the yield 
stress and Young's Modulus at 0°C respectively. The yield stress is more affected 
than the Young's Modulus. 
-Yield Stress 
-Young's Modulus 
0 I 00 200 300 400 500 600 700 800 900 1000 I I 00 
Temperature (C) 
Figure 6.8 : A comparison of the normalised static stress and Young's Modulus 
as a function of temperature 
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It was assumed that 90% of the plastic work is converted into heat. Because of the 
short duration of the blast; (14.5~-ts) and the subsequent deformation of the plate; 
(150J..Ls) allowing very little heat to be dissipated from the deformation area it was 
further assumed that the model is adiabatic. Furthermore it was assumed that the 
density and the specific heat of the material do not change with temperature. 
6.3.6 STRAIN BASED SHEAR FAILURE CRITERIA 
A shear failure criterion was also used for the numerical simulations. The failure 
criterion is based on the value of the equivalent plastic strain at element 
integration points. Failure is assumed to occur when the damage parameters 
exceeds 1. The damage parameter, ffi, is defined as:-
where 11£ pi : increment of the equivalent plastic strain 
&;t :strain at failure. 
(6.9) 
The summation is performed over all increments in the analysis. The shear failure 
criterion offers two failure choices, including the removal of elements from the 
mesh as a result of tearing or ripping of the structure. 
A summary of the material properties of the test plate is given below. 
Young's Modulus E 200 GPa (at room temperature) 
Poisson's Ratio v 0.3 
Static Yield Stress O"o 259MPa 
Density p 7860 kg/m3 
Specific heat c 452 J/kg/K 
Table 6.1 Material properties of test plate 
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6.4 Blast Loa d modelling 
The uniform blast load, generated by the use of plastic explosive in the 
experiments, was modelled as a pressure applied to the exposed area of the 
built-in test plates over a given time in the finite element model. The time is fixed 
by the explosive p roperties and geometry, but the pressure distribution and area 
over which it acts are complex for the actual explosion. The modelling of the blast 
load was, however, simplified by certain assumptions. 
The duration of the pressure distribution; 't, was calculated from the burn time of 
the explosive and the length of the explosive annuli from the centre to the edge 
and from the edge to the corner (see Figure 6.9). 
where 
r=~ 
vb (6.10) 
a: length of explosive annuli; Vb : burn speed of the explosive. 
Figure 6.9 : Explosive annuli 
In reality, the pressure distribution with time is complex, and consists of both an 
over-pressure and under-pressure (see section 2). However, the over-pressure is 
relatively large compared to the under-pressure. The under-pressure and its 
contribution to the deformation can thus be neglected. 
A further assumption is made: the over-pressure is constant for the duration of the 
burn time. 
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These assumptions result in a rectangular pressure distribution with time which is 
shown in Figure 6.10. The magnitude of the pressure applied; Pis then calculated 
from equation 6.11. 
where 
P=~ Ar (6.11) 
Im : measured impulse; A : plate area exposed to the blast load; 
r :duration of pressure distribution 
't Time 
Figure 6.10 : Pressure distribution with respect to time 
Typical pressure values for both square and rectangular plates are listed in 
Table 6.2. 
Impulse Pressure (Pa) 
(Ns) Square plate Rectangular plate 
27 1.17g(;+0~ 1.171(;+0~ 
go t.gogr;+o~ t.gQ1(;+0~ 
gg 1.4g4(;+0~ t.4g1(;+0~ 
g5 1.520(;+0~ 1.51~(;+0~ 
g7 1.607(;+0~ 1.605(;+0~ 
40 1.7g~(;+0~ t.7g5(;+0~ 
42 1.~24(;+0~ 1.~22(;+0~ 
45 1.955t+0~ 1.952t+0~ 
Table 6.2 : Typical pressure values for both square and rectangular plates 
ABAQUS/Explicit employs a multiple step concept in the history data section to 
accurately define the different conditions to which the model is exposed. Although 
the maximum deflection of the specimens occurs at 150-200~, a second unloaded 
step of 500~ is included in the input file to record the inertial response of the 
model to the impulsive load. 
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6.5 Boundary Conditions 
In order to simulate the fully built-in boundary, boundary constraints limiting all 
degrees of freedom were assigned to the thin unloaded sides of the plates; thus 
allowing no rotational and translational movements. 
As outlined in section 6.2.2 the built-in quadrangular plates and the application of 
the uniform blast load can be considered as symmetrical about the y-z and x-y 
planes. To reflect the latter, the model needed to have symmetry boundary 
conditions imposed on it. Thus, if one considers the edge created in the y-z plane, 
this edge can only move in the z and y directions and always has a constant x co-
ordinate during the deformation. Similarly the edge created in the x-y plane can 
only move in the x andy directions and is fixed in the z direction. 
By applying these boundary conditions the model shown in Figure 6.11 is 
obtained. This is effectively a quadrant of the quadrangular plate and was used for 
all the analyses. Figure 6.11 shows a double cross stiffened square plate with 
stiffener size of 3x7mm with the applied symmetrical boundary conditions. 
Models of other stiffener configurations can be found in Appendix I. 
y 
Z 1-.. X 
Figure 6.11 : Model of a double cross stiffened plate with boundary conditions 
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7.0 Simulation Results 
The results obtained from the numerical simulations of the mild steel stiffened 
quadrangular plates undergoing a uniform blast load are presented in this 
chapter. The results include final mid-point displacement, vertical cross-sections 
and outline plots of the deformed plates with a comparison of solutions obtained 
from models that include or exclude temperature dependent material properties. 
Models for a wide range of impulses are discussed; including both Mode I and 
tearing failure modes. The ABAQUS input deck for the various models are 
included in Appendices G and H . 
7.1 Mode I Re sponse 
Before modelling more complex behaviour of the stiffened quadrangular plates 
undergoing uniform blast loading conditions; such as failure through rupture; it 
was imperative to establish the level of correlation between the current model and 
the experiments for the range of impulses causing only permanent inelastic 
deformations. The level of correlation was established by comparing the final mid-
point displacement, the plate profile and the contour plot obtained from both the 
numerical analysis and the experimentation. The analysis was carried out for each 
stiffener configuration and size for a range of impulses from 27Ns to 35Ns for the 
Mode I response. The models were investigated on only one criterion; material 
properties that include or exclude temperature dependency. 
7.2 Time response of the plate 
In this series of experiment, the exact time taken for the plate to reach its final 
deformed shape was not measured due to the high speed and nature of an 
explosion. However, numerically it is primordial to ensure that the analysis had 
continued long enough for the plate to reach equilibrium. Figure 7.1 shows the 
displacement history for nine points; taken at different intervals along the plate 
profile from the centre to the boundary. The displacement history plot represents a 
non-stiffened square plate that underwent an impulsive load of 31Ns. 
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Figure 7.1 : Displacement history at various points along the profile of a non-stiffened square plate 
From top to bottom represents from centre of the plate to Smm to the boundary 
Figure 7.1 illustrates that all points monitored along the plate profile reach 
equilibrium at approximately the same time; 250Jls (vertical dotted line in 
Figure 7.1). From the displacement history plot it can be seen that the stiffened 
plate responded to a large deformation almost linearly with time, reached a 
maximum and then exhibited a small amount of residual elastic vibration about a 
mean displacement (denoted by the horizontal lines in Figure 7.1) after 
approximately 250Jls, with the magnitude of the vibration slowly decaying. The 
equilibrium point for other plates with different configurations and sizes of 
stiffener would be different to the equilibrium point of the non-stiffened square 
plate but was assumed to be in the same region as the latter. Thus it would be 
sufficient to stop the analysis after 515Jls. 
; 
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Table 7.1 tabulates the results of a comparison of mid-point displacement obtained 
by the model that include temperature dependent material properties and the 
experimental data. It can be seen that the results show a good correlation with a 
margin of error of less than 8%. 
Stiffener Stiffener Measured Predicted 
Type width height Mid Point Mid Point % 
of plate w h Impulse Displacement Displacement Error 
(mm) (mm) (Ns) (mm) (mm) 
s 0 0 g1.0 25.54- 26 +1.<6 
S-SS g g g4-.0 26.5g 27.21 +2.6 
S-SS g g g5.<6 go.10 27.99 -7.0 
S-SS 4- g 27.2 20.<66 19.7g -5.4-
S-SS g 7 g4-.1 24-.71 2g.2<? -5.<6 
S-SS 4- 7 g2.9 19.99 21.og -5.2 
S-DS g g g6.9 25.20 27.7<6 +1.<6 
S-DS g 7 g7.5 2g.o1 22.6 -1.<6 
S-DCS g g g5.<6 24-.g5 24-.61 + 1.1 
S-DCS g 7 g6.7 19.76 20.17 +2.1 
S-CS g g g5.9 25.92 24-.79 -4-.4-
S-CS g 7 g5.6 21.50 19.<;?g -7.<6 
R 0 0 24-.0 15.<(?g 14-.<64- -6.g 
R-DS g 7 g5.5 1<6.4-6 17.1g -7.2 
Table 7.1 : Comparison of predicted mid-point displacement with experiments 
The plates' responses to a uniform explosive blast are shown in Figures 7.2 to 7.8. 
The models show the plate response from just after the detonation of the explosive 
to the final deformed shape. 
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Figure 7.2 Response of a square plate at impulse 35Ns showing displacement in they-direction 
In Figure 7.2 it can be seen that the non-stiffened square plate started deforming at 
the boundary moving towards the centre of the plate as time increased. After 
detonation, the plastic hinge was displaced with the highest deflection occurring 
over a large flat central area of the plate. Thereafter, the plate continued to deform 
to its final shape with the maximum deflection occurring over a small area in the 
central part of the plate. Olson et al [14] observed the same transient response. The 
colour red in the contour plot denotes the highest point of deflection at any time. 
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Figure 7.3 Response of a single stiffened square plate with stiffener size 4 x 7mm at impulse 35Ns 
showing displacement in the y-direction 
Figure 7.3 shows the response of a single stiffened square plate with deformation 
initially occurring between the boundary and the stiffener. The highest point of 
deflection close after detonation occurred between the stiffener and the boundary. 
However, as time increased the plate deformed to its final shape with the highest 
point of deflection moving from the area between the stiffener and the boundary 
to the central area of the plate. Olson et al[15] observed a similar transient 
response. 
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Figure 7.4 Response of a double stiffened square plate with stiffener size 3 x 7mm at impulse 35Ns 
showing displacement in the y-direction 
From Figure 7.4 it can be noted that the double stiffened square plate response 
was similar to the single stiffened square plate with deformation initially 
occurring between the boundary and the stiffener. As time increased the plate 
continued to deform with the plastic hinge gradually moving towards the centre 
of the plate. After the maximum displacement has reached the central area of the 
plate the plate response was similar with small variations in displacement due to 
the residual elastic vibration. 
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Figure 7.5 Response of a double cross stiffened square plate with stiffener size 3 x 7mm 
at impulse 35Ns showing displacement in the y-direction 
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Figure 7.5 shows the response of a double cross stiffened square plate. A similar 
response pattern to that of a double stiffened square plate was observed. 
However, the plastic hinges moved from between the two parallel stiffeners and 
adjacent to the cross stiffener towards the centre of the plate as time increased. The 
final highest point of deflection occurred over a small area at the centre of the 
plate. 
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Figure 7.6 Response of a cross stiffened square plate with stiffener size 3 x 7mm at impulse 37Ns 
showing displacement in the y-direction 
The response of a cross stiffened square plate is illustrated in Figure 7.6. The plate 
started deforming within the area bordered by the boundary and cross stiffeners. 
The plastic hinges then progressed to the centre of the plate until its equilibrium 
position. 
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Figure 7.7 Response of a rectangular plate undergoing at impulse 37Ns showing displacement 
in the y-direction 
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The response of the non-stiffened rectangular plate (R) as shown in Figure 7.7 is 
similar to that of a non-stiffened square plate (S) with the only difference being the 
highest point of displacement. The highest point of displacement of the 
rectangular plate occurred over a larger area compared to the square plate. Also, 
the boundary of the longest side of the plate was slightly displaced. 
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Figure 7.8 Response of a double stiffened rectangular plate with stiffener size 3 x 7mm at impulse 33Ns 
showing displacement in the y-direction 
Figure 7.8 shows the response of a double stiffened rectangular plate (R-DS). The 
response is analogous to that of the double stiffened square plate (S-DS). However, 
the longest side of the plate was slightly displaced. After the plastic hinges have 
reached the central area of the plate (136J..Ls) the plate response remained almost 
constant until its equilibrium was reached. 
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The Mode I response of the different stiffened plates shows that the stiffener 
affects the behaviour of the deformation process close to detonation. The 
simulation shows that after detonation, all the plates; irrespective of the stiffener 
configuration and size; behave in a similar way with the maximum displacement 
occurring between the stiffener and the boundary. As time increases the maximum 
displacement moves towards the central area of the plate. This indicates that the 
plate initially responds faster than the stiffener. However, the maximum point of 
displacement of the plates is highly dependent on the stiffener configuration and 
size. The numerical analysis shows that the highest displacement of the plate with 
same stiffener size and impulsive load is less for plates that have a more stiffened 
structure. This were also observed by Olson et al[lS] . 
7.3 Effect of Temperature dependent material properties 
Both torn and un-torn plates were modelled using material properties that include 
or exclude temperature dependence. Profile and contour plots of the un-torn 
plates were examined. The effect of the temperature dependence material 
properties on the torn plates is discussed in section 7.6. While the contour plot 
gave an overview of the plate deformation the plate profile gave a more accurate 
plate response to the uniform blast load. The plate profile was measured along the 
lines of symmetry of the quadrangular plates. 
The contour plots predicted by the models; both including and excluding 
temperature dependent material properties; as shown in Figures 6.9 to 6.15, 
correspond well to the experimental plot. The contour plots obtained from the 
experiments show the entire plate area unlike the predictions which show only the 
quarter symmetry. Both models predict the deformed shapes and hinges correctly. 
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Figure 7.9 Comparison of predicted contour plot of a square plate at impulse 31Ns 
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From Figure 7.9, it can be seen that the predicted deformed shape corresponds 
well with the experiment. Both models using material properties that are 
temperature dependent and temperature independent show similar results. The 
model using material properties that include temperature effects shows a higher 
level of displacement. The data obtained from the model that uses material 
properties that include temperature dependency shows better correlation 
quantitatively with the experimental data than the model that neglects the 
temperature effect on material properties. 
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Figure 7.10 Comparison of predicted contour plot of a single stiffened square plate with stiffener size 
4x3mm at impulse 27Ns 
The predicted contour plots of the single stiffened square plate as shown in 
Figure 7.10 is compared to that of the deformed square plate. Qualitatively, the 
predictions correlate well with the experiment. The contour plot from the 
experiment reveals a relatively large displacement at the boundary due to the lack 
of adequate support at the boundary. 
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Figure 7.11 Comparison of predicted contour plot of a double stiffened square with stiffener size 
3x3mm plate at impulse 37Ns 
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The contour plot of a deformed double stiffened square plate; shown in Figure 
7.11; is compared to that obtained from the numerical analysis. The two models 
that use material properties that include and exclude temperature dependency 
predict the deformed shape correctly. The displacement obtained by the model 
using temperature dependent material properties is closer to the experimental 
data compared to the model that excludes temperature dependency. 
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Figure 7.12 Comparison of predicted contour plot of a double cross stiffened square with stiffener size 
3x7mm plate at impulse 37Ns (arrows show locations of stiffeners) 
The predicted contour plots by two models that use material properties that 
include and exclude temperature dependency and the contour plot of a deformed 
double cross stiffe ed square plate are illustrated in Figure 7.12. The two models 
predict the deformed shape correctly. However, the model using temperature 
dependent material properties gives a better correlation than the model using 
material properties that exclude temperature dependency. 
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Figure 7.13 Comparison of predicted contour plot of a cross stiffened square with stiffener size 3x7mm 
plate at impulse 35Ns (arrows show locations of stiffeners) 
The numerical analyses using material properties that include and exclude the 
effect of temperature on material failure show good agreement with the 
experiment as illustrated in Figure 7.13. Like the double cross stiffened square 
plate (S-DCS), the contour plot of the cross stiffened square plate (S-CS) reflects 
the effect of the stiffener. A change in the contour line of the contour plot of the 
deformed plate near its boundary indicates the locations of the stiffeners (shown 
by arrows). 
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Figure 7.14 Comparison of predicted contour plot of a rectangular plate at impulse 24Ns 
91 
The predicted mode I permanent displacement contour plots of a rectangular plate 
using material properties that include and exclude temperature dependency are 
shown in Figure 7.14. The numerical models show favourable correlation with the 
experimental data; both showing the highest displacement occurring at two 
locations at either side of the centre line of the longest side of the plate (z-axis) 
giving a double bump effect along the plate profile. 
Chapter 7 -Simulation results 
U2 
0 0 
0 0 
-+<J)J1-J& 
+1. 4(£-()3 
+2.a:E-<l3 
+4.2CE-<l3 
-+5. e::E-<l3 
+7.0CE-<l3 
. -+B. 4(£-()3 
.... ~.a:£-()3 
+1.12::-<Y2 
+1.2EE-<Y2 
+1. 4(£-(Y2 
+1.54E-<Y2 
+1.6lE-<Y2 
+1.&£-<Y2 
92 
Figure 7.15 Comparison of predicted contour plot of a double stiffened rectangular plate with stiffener 
size 3x7 at impulse 35Ns 
The contour plot of a double stiffened rectangular plate and the predicted models 
are shown in Figure 7.15. Good correlations are obtained from numerical models 
that use temperature dependent and non-temperature dependent material 
properties. The measured contour plot does not show any symmetry about the 
centre line of the longest side of the plate (z-axis). This may be due to the loading 
conditions and the difficult nature of the explosive. 
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More accurate comparisons of the results of the numerical analysis using material 
properties that include or exclude temperature dependence and experimental 
solutions as shown in Figures 7.16 to 7.27 are obtained by investigating the 
deformed quadrangular plate profile along its lines of symmetry. In all cases the 
models show good correlation with the experimental data. No sign of high strain 
localisation at the boundary or the central area of the plate is exhibited by the 
simulations. 
The profiles shown represent an example of results for each stiffener 
configuration. The results obtained from the temperature dependent material 
properties models show higher mid-point displacement and plate profile than the 
non-dependent temperature material properties model. This is due to the 
weakening of material properties as temperature increases because of plastic 
work. 
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Figure 7.16: Comparison of predicted and measured Mode I profile centreline along a square plate at 
impulse 31 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) denotes results obtained from the 
model that uses material properties that exclude temperature dependency 
The predicted mode I permanent displacement profile of a square plate is 
compared with the experimental data in Figure 7.16. Despite the slight difference 
in the plate profile the correlation is good. Both predicted profiles show a convex 
profile at plate distance of 60 to 85 mm, unlike the measured profile which a 
homogenous curvature. 
Chapter 7 -Simulation results 94 
25 0 0 
~ 20 m 
'-' 0 0 
...... 15 
= ~ cu 
s 
cu 
~ 10 
.$ 
Q. ~Experiment r:n 
i5 5 --Abaqus T 
Abaqus (no temp ) 
0 
0 20 40 60 80 100 120 
Plate distance from the boundary (nun) 
Figure 7.17 : Comparison of predicted and measured Mode I profile centreline across the stiffener of a 
single stiffened square plate with stiffener size 3x7mm at impulse 34 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) denotes results obtained from the 
model that uses material properties that exclude temperature dependency 
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Figure 7.18 : Comparison of predicted and measured Mode I profile centreline along the stiffener of a 
single stiffened square plate with stiffener size 3x7mm at impulse 34 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) denotes results obtained from the 
model that uses material properties that exclude temperature dependency 
The predicted deformation profiles of a single stiffened square plate obtained from 
models that use material properties that include and exclude the effect of 
temperature compared well with the experimental data in Figures 7.17 and 7.18. 
The models slightly underestimate the deformed shaped but overestimate the 
highest displacement. 
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Figure 7.19 : Comparison of predicted and measured Mode I profile centreline across the stiffeners of 
a double tiffened square plate with stiffener size 3x7mm at impulse 37 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) denotes results obtained from the 
model that uses material properties that exclude temperature dependency 
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Figure 7.20: Comparison of predicted and measured Mode I profile centreline parallel the stiffeners of 
a double stiffened square plate with stiffener size 3x7mm at impulse 37 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
Figures 7.19 and 7.20 represent the results of the numerical analyses that predicted 
the deformed profile of a double stiffened square plate using material properties 
that include and exclude the temperature effect on material failure. The solution 
obtained from the model using the temperature dependent material properties 
shows very good agreement with the experiment. 
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Figure 7.21 : Comparison of predicted and measured Mode I profile centreline across the stiffeners of 
a double cross stiffened square plate with stiffener size 3x7mm at impulse 37 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
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Figure 7.22 : Comparison of predicted and measured Mode I profile centreline parallel to the stiffeners 
of a double cross stiffened square plate with stiffener size 3x7mm at impulse 37 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
The predicted and measured profiles of a double cross stiffened plate are shown in 
Figures 7.21 and 7.22. The model that uses material properties that include 
temperature dependency shows better correlation with the experiment than the 
model that uses material properties that exclude temperature dependency. 
However, both models estimate the correct deformed shape. 
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Figure 7.23 : Comparison of predicted and measured Mode I profile along centreline of a cross 
stiffened square plate (S-CS) with stiffener size 3x7mm at impulse 35 Ns 
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Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
Because of symmetry only one profile along the centre line of the cross stiffened 
square plate illustrated in Figure 7.23 is examined. Both models underestimate the 
profile and the highest point of deflection. However, the predicted plate profile 
correlates well with the experimental data. 
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Figure 7.24 : Comparison of predicted and measured Mode I profile along centreline of shortest side of 
a rectangular plate (R) at impulse 24 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
18 
16 
~ 14 § 12 
'-" 
.... 
c 10 s 
c±J! 
I 0 0 
Q,j 8 (.J 
ell 
c.. 6 
.ra 
Q 4 
--+- Experiment 
--Abaqus T 
2 Abaqus (no teJlll) 
0 
0 20 40 60 80 100 120 
Plate Distance from boundary (mm) 
Figure 7.25 : Comparison of predicted and measured Mode I profile along centreline of longest side of 
a rectangular plate at impulse 24 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
The overall response of the rectangular plates is shown in Figures 6.24 and 6.25. It 
can be seen from both figures that the response of the temperature dependent 
model is very close to the experimental data. However, both models exhibit the 
same shape profile as the experimental data. 
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Figure 7.26 : Comparison of predicted and measured Mode I profile centreline across the stiffeners of 
a double stiffened rectangular plate with stiffener size 3x7mm at impulse 35 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
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Figure 7.27 : Comparison of predicted and measured Mode I profile centreline parallel to the stiffeners 
of a double stiffened rectangular plate with stiffener size 3x7mm at impulse 35 Ns 
Experiment denotes experimental values, Abaqus T denotes results obtained from the model that uses 
material properties that include temperature dependency, Abaqus (no temp) results obtained from the denotes 
model that uses material properties that exclude temperature dependency 
The predicted mode I permanent displacement profiles of a double stiffened 
rectangular plate compares relatively well with the experimental data as shown in 
Figures 7.26 and 7.27. There is however, a slight difference in the profile along the 
centre line of the short side of the plate (Figure 7.26). The models exhibit the 
maximum displacement at 82mm from the boundary of the plate whereas 
according to the experimental data the maximum displacement lies at the plate 
centre. 
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7.4 The effec t of the stiffener sizes on mode I response 
The predicted mode I permanent displacement profiles at three locations; both 
lines of symmetry of the square plates and 20mm parallel to the centre line parallel 
to the stiffener (lie along the stiffener); are shown in Figures 7.28 - 7.30 for the 
different single stiffened square plates for the same impulse of 35Ns. It is seen that 
the central maximum displacement decreases by up to 26% as the cross sectional 
area of stiffener increases from 0 to 28 mm2, and the overall shape changes. The 
percentage decrease in the maximum displacement as a function of stiffener sizes 
is tabulated in Table 7.1. For the small stiffeners, the profile curvature is 
approximately lin ar whereas for the larger stiffeners, there is a change in the 
curvature of the profile that forms the line of symmetry across the stiffener. The 
transition for this clearly occurs for a stiffener height of 7mm for the experiments 
described herein. Furthermore, from Figure 7.29, the predicted profiles across the 
stiffener suggest the existence of a relatively flat sector in the middle of the plate 
on both sides of the stiffener. The flat region increases as the stiffener height 
increases. 
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Figure 7.28 :Predicted Mode I profiles centreline across the stiffener of single stiffened square plates 
with various stiffener sizes at impulse 35Ns 
Chapter 7- Simulation results 102 
Plate X- section Mid-point Difference in % difference Time to 
configuration area of displacement mid-point in mid-point reach max 
stiffener 
displacement displacement displacement 
(mm2) (mm) (!lS) 
s go.14- - 1 '? 4-
S-SS 3x3 9 27.21 2.9g 10 1 '?1 
S-SS 4x3 12 26 4-.14- 1g 1'?0 
S-SS 3x7 21 2g.99 6.15 20 1'?5 
S-SS 4x7 2'? 22.4- 7.74- 26 1 '?'? 
Table 7.2 : Maximum displacement and time response of single stiffened square plates at impulse 35 Ns 
Plate X- section Mid-point Difference in % difference Time to 
configuration area of displacement mid-point in mid-point reach max 
stiffener 
displacement displacement displacement 
(m m 2) (mm) (lls) 
s go.14- - 1 '? 4-
S-DS 3x3 1'? 26.25 g.'?9 1g 1'?2 
S-DS 3x7 4-2 21.27 '?. '?7 29 1'?5 
Table 7.3: Maximum displacement and time response of double stiffened square plates 
at impulse 35 Ns 
Plate X- section Mid-point Difference in % difference Time to 
configuration area of displacement mid-point in mid-point reach max 
stiffener 
displacement displacement displacement 
(m m 2) (mm) (!lS) 
s go.14- - 1 '? 4-
S-CS 3x3 1'? 24-.79 5.g5 1'? 1'?0 
S-CS 3x7 4-2 19.'l?g 1o.g1 g4- 1'?5 
Table 7.4 : Maxtmum displacement and time response of cross stiffened square plates at impulse 35 Ns 
Plate Total cross Mid-point Difference in % difference Time to 
section area mid-point in mid-point reach max , 
configuration 
of stiffener displacement displacement displacement displacement 
(mm2) (mm) (J.LS) 
s go.14- - 1 '? 4-
S-DCS 3x3 21 24-.61 5.5g 1'? 1'?2 
S-DCS 3x7 61 1'?.'?2 12.02 4-0 1'?5 
Table 7.5 : Maximum displacement and time response of double cross stiffened square plates 
at impulse 35 Ns 
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Figure 7.29 : Predicted Mode I profiles centreline parallel to the stiffener of single stiffened square 
plates with various stiffener sizes at impulse 35Ns 
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Figure 7.30: Predicted Mode I profiles 20mm offset to the centre line parallel to the stiffener of single 
stiffened square plates with various stiffener sizes at impulse 35Ns 
Using a non-stiffened square plate as a reference, the effect of the size of the 
stiffener is assessed by calculating the difference in mid-point displacement 
between the refere ce plate and the investigated plate. Tables 7.2 - 7.5 show the 
percentage decrease in mid-point displacement for each stiffener configuration as 
the stiffener height increases for an impulsive load of 35Ns_ Depending on the 
stiffener configuration a decrease of up to 18% for stiffener size of 3x3mm and up 
to 40% for stiffener size 3x7mm in mid-point deflection can be achieved_ Thus, by 
increasing the stiffener size from 3x3mm to 3x7mm the difference in mid-point 
displacement can be reduced by a factor of 2. This factor of 2 is also observed for 
all stiffener configurations. 
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Figure 7.31 : Bar chart of predicted percentage decrease in mid-point deflection for each stiffener sizes 
and configurations. 
Figure 7.31 shows the predicted percentage decrease in mid-point displacement 
(Tables 7.2 - 7.5) as a function of stiffener size for all stiffener configurations of 
square plates. 
Figures 7.32- 7.34 illustrate the predicted mode I permanent displacement profiles 
at three locations; both lines of symmetry of the rectangular plates and 25.5mm 
offset from the centre line parallel to the stiffeners (on the stiffener); for all double 
stiffened rectangular plates for the same impulse of 35Ns. Using the same 
procedure as for square plates, the difference in maximum displacement is 
calculated relative to the maximum displacement of an unstiffened rectangular 
plate. The central maximum displacement decreases up to 17% as the combined 
cross sectional area of stiffeners increases from 0 to 42mm2, and the overall shape 
changes significantly. The results are tabulated in Table 7.6. Furthermore, as the 
stiffener height increases, the maximum displacement (seen as a peak in 
Figure 7.32) shifts to the left and the peak area also decreases. The profile 
centreline parallel to the stiffeners (Figure 7.33) shows that the displacement from 
the boundary to the mid point of the exposed area (up to vertical dotted line) is 
independent of the stiffener size. The profiles exhibited the same response. 
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Figure 7.32 : Predicted Mode I profiles centre line across the stiffeners of double stiffened rectangular 
plates with various stiffener sizes at impulse 35Ns (arrows denote peak) 
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Figure 7.33 : Predicted Mode I profiles centreline parallel to the stiffeners of double stiffened 
rectangular plates with various stiffener sizes at impulse 35Ns 
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Figure 7.34 : Predicted Mode I profiles along centreline of one of the stiffeners of double stiffened 
rectangular plates with various stiffener sizes at impulse 35Ns 
Plate Total cross Mid-point Difference in % difference Time to reach 
section area mid point in mid-point maximum 
configuration 
of stiffeners displacement displacement displacement displacement 
(mm2) (mm) (Jls) 
Rectangular 20.5~ - 147 
Recdou3x3 1~ 1~.47 2.11 10 144 
Recdou3x7 42 17.1g g,45 17 157 
Table 7.6 : Mid-point displacement and time response of double stiffened rectangular plates 
at impulse 35 Ns 
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Figure 7.35 : Bar chart of predicted percentage decrease in maximum deflection for each stiffener size 
of double stiffened rectangular plates. 
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7.5 The effec t of the stiffener configurations 
The mode I permanent displacement profiles at three locations; both lines of 
symmetry of the square plates and 20mm parallel to the centre line parallel to the 
stiffener; predicted by the numerical analysis are shown in Figures 7.36 - 7.38 for 
all stiffened quadrangular plates for the same impulse of 35Ns. It is seen that by 
changing the configuration of the stiffeners the maximum displacement can be 
decreased by up to 40% and the overall shape changes significantly. As the plate 
structure stiffens the displacement decreases. The response of the double cross 
stiffened square plate shows the least mid-point displacement compared to the 
plates with other stiffener configurations. The profile curvature is homogeneous in 
all cases except for the double stiffened plate. A change in the profile that forms 
the centre line of the plate across the stiffeners is noted at the location of the 
stiffeners. Furthermore, it is observed that the cross stiffened plate offers more 
resistance to the blast load than the double stiffener despite the fact that the 
number of stiffeners is the same. 
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Figure 7.36 : Predicted profiles centre line across the stiffeners of square plates with stiffener size 
3x7mm for various stiffener configurations at impulse 35Ns 
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Figure 7.37 : Predicted profiles centre line parallel to the stiffeners of square plates with stiffener size 
3x7mm for various stiffener configurations at impulse 35Ns 
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Figure 7.38 : Predicted profiles 20mm offset to centre line parallel to the stiffeners of square plates 
with stiffener size 3x7mm for various stiffener configurations at impulse 35Ns 
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Table 7.7 summarises the difference in maximum displacement from the 
unstiffened square or rectangular plate to the other plates with different stiffener 
configurations and size 3x7mm and the time taken for the plate to reach the 
maximum displacement. The time taken to reach the highest deflection is almost 
constant for plates of the same geometry. However, from Figure 7.39, it is noted 
that the rate at which the plate deforms decreases as the structure of the plate 
stiffens (more stiffeners). The average rate of deformation is defined by the ratio of 
the maximum displacement to the time taken to reach that displacement. For a 
square plate the average rate of deformation is 0.16mm/ ~s. On the other hand, the 
double cross stiffened square plate deforms at an average rate of O.lOmm/~s. The 
average rate at which the rectangular plate deforms; 0.15mm/ ~s, is found to be 
very close to that of the square plate. Both double stiffened quadrangular plates 
deform at the average rate of 0.12 mm/~s. 
Plate X- section Maximum Difference in % difference Time to reach 
configuration area of displacement maximum in maximum maximum 
stiffener displacement displacement displacement 
(mm2) (mm) (mm) (f-ts) 
s - go.14 - 1<6 4 
S-SS 3x7 21 2g.gg -6.15 -20.4 1<65 
S-DS 3x7 42 21.27 -<?. <67 -29.4 1<65 
S-CS 3x7 42 19.<i?g -1a.g1 _g4.2 1<65 
S-DCS 3x7 6g 1<6.<62 -11.g2 _g7.6 1<62 
R - 22.g6 - - 147 
R-DS 3x7 42 1<6.2 -4.16 -1<6.6 157 
Table 7.7: M1d-pomt displacement and time ~espouse of stiffened quadrangular plates 
at impulse 35 Ns 
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Figure 7.39: Bar chart of average rate of deformation for plate of different stiffener configuration 
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Figure 7.40 shows that for the same plate size, the percentage decrease in 
maximum displacement increases as the plate stiffness increases. It can be seen 
that for the double stiffened plates, the percentage decrease for the square plate is 
higher than for the rectangular plate. 
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Figure 7.40 : Bar chart of predicted percentage decrease in maximum displacement for different 
stiffener configurations 
7.6 Tearing Mode response 
Experimental evidence has shown three distinct modes of failure of steel plates 
occurring in blast loading conditions. Mode I failure involves the large inelastic 
permanent deformation of the plate without any sign of tearing, and has been 
discussed in the previous section. The onset of Mode II failure is defined by the 
first sign of tearing occurring in the plate at the boundary. Thereafter all the 
tearing behaviour is described as Mode II until the Mode III failure where the 
energy of the blast is sufficient enough to cause shearing around the entire 
perimeter of the plate before any significant displacement has taken place in the 
remainder of the plate. The result of such failure mode is an almost flat disk of the 
size of the plate. 
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7 .6.1 METHOD OF PLATE FAILURE 
When tearing occurs the model is subjected to severe temperature rises in the 
region of fracture, forming a band of high temperatures due to a slightly larger 
amount of strain in the band compared to the surrounding areas. As a result of 
greater adiabatic heating due to the large amount of plastic work the material 
properties weaken. The weakening of material properties results in larger strains 
and higher temperatures until unrealistic element elongation occurs. As the 
temperature of the band becomes hotter, the elements in this band undergo 
extensive elongation in the direction of displacement (y-direction) exceeding 
realistic strain (70% - 300%). Hence, indicating that failure will occur within the 
high temperature band. 
The reason for the severe element elongation can thus be ascribed to the effects of 
the temperature dependent material properties. Because of the thermal softening 
an unrealistic strain of 200% failure strain criterion was imposed on the model to 
ensure failure after extensive adiabatic heating in the localised region. If not, the 
elements in the localised area will keep on deforming as a result of the decaying 
material properties. 
Failure by shear bands as reported by Wiehahn et al [27] is not investigated in this 
study. Because of the complex geometry, the mesh size of the model (1.2 x 1.2 x 0.4 
mm3) is considered to give satisfactory results and is kept constant. The effect of 
the mesh density is, therefore, not investigated. 
7 .6.2 PLATE RESPONSE 
Figures 7.41- 7.54 show the response of quadrangular plates which were partially 
or completely torn at the boundary (Mode II* and Mode II). In general, the finite 
element models show good correlation with the experimental results. However, 
because of the symmetry conditions the prediction fails to show how the Mode II 
failures progress from one side of the plate to two sides of the plate to three sides 
of the plates before the exposed area of the plate is blown out of the boundary as 
observed in the experiment. Tearing is not symmetrical in the experiment due to 
the complex nature of the loading conditions involving explosives. 
Chapter 7- Simulation results 
l81P ·2.H 
ill.24801 
+1.42E+a2 
- +2. 01£+(12 
-•2.SI£+a2 
.+3.3:1::+(12 
+3.a:E+a2 
- +4.3!£+(12 
+4.9:£+(12 
-t5.5E+a2 
i6.17E+a2 
if>. 77E+a2 
- +7.3CE+a2 
+7.9:1:+(12 
Predicted temperat ure 
distribution at Impulse 
40Ns 
Plate response at 
Impulse 43Ns 
strain distribution in 
they-direction at 
lmt?ulse 40Ns 
Figure 7.41 : Comparison of predicted Modell* response of a square plate at impulse of 40Ns 
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Figure 7.41 shows the predicted response of a unstiffened square plate (S) which 
was partially torn at the boundary (Mode II*) under a uniform impulsive load of 
40Ns. The numerical model predicted failure at a smaller impulsive load. 
Temperature and logarithmic strain values of 796 °C and 81.5% respectively at the 
elongated elements show that tearing occurs in the model. 
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Figure 7.42 :Predicted Modell response of a square plate at impulse 44Ns 
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Typical Mode II failure, illustrated in Figure 7.42, is predicted to occur at an 
impulse of 44Ns by the model. The severe element elongation at the boundary 
illustrates how the plate will shear. No experimental data is available to compare 
to the model data. 
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Figure 7.43 : Comparison of predicted Mode II* response of a single stiffened square plate with 
stiffener size 4x7mm at impulse 41Ns (arrows show plate tearing) 
The Mode II* failure of a single stiffened square plate is well predicted by the 
numerical analysis as shown in Figure 7.43. A logarithmic strain of 90% and a 
temperature of 896 °C clearly indicate tearing at the support side parallel to the 
stiffener. High temperature spots are also formed at the maximum permanent 
displacement and at the boundary where the stiffener joins the plate; indicating 
where thinning occurs. 
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Figure 7.44 : Comparison of predicted Mode II response of a single stiffened square plate with stiffener 
size 4x3mm at impulse 41Ns 
The severe element elongation and element distortion in Figure 7.44 show a 
Mode II failure of a single stiffened square plate. The distorted elements are failed 
elements that have undergone an equivalent plastic strain of 200% or more. The 
numerical analysis compares well with the experiment. Because of symmetry, the 
model does not exhibit a three torn sides plate as observed in the experiment. 
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Figure 7.45 : Comparison of predicted Mode II* response of a double stiffened square plate with 
stiffener size 3x7mm at impulse 40Ns 
A partially torn double stiffened square plate (Mode II*) under a uniform 
impulsive load of 40Ns is modelled and shown in Figure 7.45. The finite element 
model shows good correlation with the experimental results. Distorted elements 
due to very high equivalent plastic strain value (221 %) and high temperature 
(666°C) clearly ind icate tearing at the middle of the side that is parallel to the 
stiffeners of the plate. Other high temperature spots without element elongation in 
the numerical model suggest thinning occurring in the central part of the plate and 
on the stiffener side closer to the plate boundary. 
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Figure 7.46 : Comparison of predicted Mode II response of a double stiffened square plate with 
stiffener size 3x7mm undergoing at impulse 43Ns 
The double stiffened square plate model is analysed at higher load intensity. At an 
impulsive load of 43Ns, the temperature rises up to 670 °C in localised area at the 
boundaries. Elements in that localised area either undergo extensive elongation or 
distort indicating tearing as illustrated in Figure 7.46. The numerical analysis 
compares well with the experiment. The model indicates that failure occurs across 
the corner of the p late. 
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Figure 7.47 : Comparison of predicted Mode II* response of a double cross stiffened square plate with 
stiffener size 3x7mm at impulse 38.5Ns 
Figure 7.47 illustrates a comparison of the numerical analysis and experimental 
test of a double cross stiffened square plate that undergoes a uniform load 
intensity of 38.5Ns. The numerical analysis predicts very high equivalent plastic 
strain values of 223% and temperature of 669°C at a localised area of the plate side 
parallel to the double stiffeners. The model predicts tearing at the sides parallel to 
the two stiffeners w ith good accuracy. A high temperature band at the boundary 
of the stiffener that runs across the two parallel stiffeners reveals that the cross 
stiffener is on the verge of tearing. 
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Figure 7.48 : Prediction Mode ll response of a double cross stiffened square plate 
with stiffener size 3x7mm at impulse 43Ns 
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In Figure 7.48 the prediction shows how the double cross stiffened plate will fail in 
Mode II. The elements around the boundary are all distorted due to the fact that 
they have exceeded the shear failure criterion of 200%. The predicted equivalent 
plastic strain around the boundary is of the order of 213% and the temperature is 
as high as 632°C. o experimental data is available to compare with the model. 
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Figure 7.49: Comparison of predicted Mode II* response of a cross stiffened square plate with 
stiffener size 3x7mm at impulse 41Ns 
An analysis of the temperature and strain predicted by the model of a cross 
stiffened square plate at an impulse of 41Ns; as seen in Figure 7.49; confirms 
failure at the boundary of the plate. The numerical model compares well with the 
experiment. The model also shows thinning of both the plate and the stiffener at 
the central area of the plate. 
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Figure 7.50: Comparison of predicted Mode II response of a cross stiffened square plate with stiffener 
size 3x7mm at impulse 46Ns 
At logarithmic strain of 276% in the y-direction and temperature of 1000°C, the 
model predicts Mode II failure at the boundary of the cross stiffened square plate 
where the elements are severely elongated as shown in Figure 7.50. The result 
compares well with the experimental result in which three sides of the cross 
stiffened plate tore. Experimentally, it is difficult to get all four sides of the plate to 
tear due to the difficult loading conditions. 
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Figure 7.51 : Comparison of predicted Mode II* response of a rectangular plate at impulse 37Ns 
At an impulse of 37Ns, high equivalent plastic strain (236%) and high 
temperatures (669°C) through the plate thickness at the boundary indicates failure 
to occur at both sides of the rectangular plate as shown in Figure 7.51. A good 
correlation between the prediction and the experiment is achieved. 
Chapter 7 - Simulation results 
IDIP +2.~1& 
+3,!XE-t(Q 
-1£. e:£-1((2 
+1. Ct<£-+{)3 
+1.H-+<l3 
+ 1.ExE-+<l3 
+ 2. 01£-+{)3 
.... +2,H-+<l3 
+2. stf-+{)3 
+3. 01£-+{)3 
+3. 34£-+{)3 
+3. 67E-+<l3 
+4 • OCE-+<l3 
+4. 34£-+{)3 
Predicted temperature 
distribution at Impulse 
42Ns 
Predicted logarithmic 
LE22 -3. ~.l&. 
-1.41£-ol. 
- -+9. a:E-<e 
... +3,37E-ol. 
- -+5. M-ol 
.. <B. l!:E-ol. 
- +1,Cff-+W 
.+1,2!:-+W 
+1,5l::-+W 
+1, 77E-+W 
+2.01£-+W 
+2.2:E-+W 
.. +2,490-+W 
+2, 7!£.-+(1) 
strain distribution in the 
y-direction at Impulse 
42Ns 
122 
Figure 7.52 :Prediction Mode II response of a double stiffened rectangular plate with stiffener size 
3x7mm at impulse 42Ns 
Figure 7.52 illustrates the prediction of a typical Mode II failure of a rectangular 
plate at an impulsive load of 42Ns. The severe element elongation at temperatures 
of the order of 135QOC around the boundary together with strain of over 129% 
illustrates that the plate will shear at both sides of the boundary. No experimental 
data is available to compare with the model data. In the impulse range from 37Ns 
to 42Ns, the length of tear at the boundary increases. 
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Figure 7.53 : Comparison of predicted Mode II* response of a double stiffened rectangular plate with 
stiffener size 3x7mm at impulse 40Ns 
The prediction of tearing of the double stiffened rectangular shows a slightly 
different trend from the experimental result as shown in Figure 7.53. The model 
predicted tearing along the short side of the rectangular plate whereas tearing is 
observed along th longest side of the plate. This might be a phenomenon which 
needs more investigation or tearing may have happened as a result of machining 
of the plate. 
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Connolly[16], however, observed that tearing of the stiffened rectangular plates 
first occurred along the short side of the plate (tearing occurs along a boundary 
closest to the maximum deflection of the plate). Thus, the prediction correlates 
well with Connolly's results[16] . However, Connolly[16] used clamped plates in 
his investigation. 
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Figure 7.54: Prediction Mode II response of a double stiffened rectangular plate 
with stiffener size 3x7mm at impulse 46Ns 
Shown in Figure 7.54, is the response of a double stiffened rectangular plate to an 
impulse of 46Ns. The severe elements elongation at the boundary indicates 
Mode II failure. The logarithmic strain in the y-direction in the localised area is 
over a 100%. In the impulse range from 40Ns to 46Ns, the length of tear at the 
boundary gradually increases. 
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Table 7.8 shows the predicted maximum displacement and critical impulse at the 
onset of Mode II failures. It can be seen that the predicted impulse at which 
Mode II failures will occur is highly dependent on the maximum central 
displacement of the plates which in turn is dependent on the configuration and 
size of stiffener (see Figure 7.55). As the size of the stiffener increases or the plate 
structure becomes stiffer the maximum central displacement prior to the Mode II 
failure decreases. These results correlate well with experimental results obtained 
by Olson[l4, 15] and Shave[22]. However, the impulses at which the onset of 
failure occurs are similar for all cases. 
Plate configuration Impulse Maximum central displacement 
(Ns) (mm) 
~ g~.5 g2.~ 
~-~ gxg ga 2~ 
~-D~ gxg g7 27.~ 
~-~~ gx7 g~ 25.7 
~-D~ gx7 gg 2g.~ 
~-~ gx7 gg 22.2 
~-D~ gx7 g7.5 20.2 
~-~~ 4x7 g7 2g.~ 
Table 7.8 : Predicted maXImum displacement at the onset of tearmg 
45 Impulse (Ns) • Displacement (mm) I 
0 
None ss DS cs DCS 
Stiffener configuration 
Figure 7.55: Bar chart showing maximum impulse and displacement before tearing occurs for plates 
with different stiffener configurations and stiffener size 3x7mm 
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8.0 Conclusions 
The deformation and tearing of uniformly blast-loaded quadrangular stiffened 
plates were investigated experimentally and numerically with emphasis laid on 
the effect of the stiffener sizes and configurations. Two finite element models were 
applied using material properties that included and excluded temperature 
dependency. Based on the findings of this investigation, the following conclusions 
may be drawn: 
Mode of failure 
The results obtained from this experimental investigation show that the plates 
exhibit essentially Mode I failure (permanent larger deformation) and only a few 
cases of Mode II failure (tensile tearing at supports) as previously observed for 
circular plates. Other phases in the Mode II failure region are also exhibited. These 
include Mode II-1, Mode II-2 and Mode II-3 which designate Mode II failure at the 
number of sides of the plate that tore and Mode II* which is defined where partial 
tearing of the boundary occurs. No Mode III failure (transverse shear at supports) 
is observed for any plate geometry. 
Mode I failure 
Deflection appears to be dependent on both stiffener sizes and configurations. As 
expected, for a specific size and configuration of stiffeners for the same plate 
geometry, permanent deflection increases with increasing impulse for Mode I 
failure. However, the central maximum displacement decreases as the stiffener 
height increases from 0 to 7mm, and the overall plate profile changes especially 
along the centre line that lies across the stiffener. As the stiffener size increases the 
central area over w ich the maximum displacement occurs increases resulting in a 
relatively flat peak at the highest point of deflection. 
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Furthermore, the shape and maximum central displacement of a deformed plate 
are highly dependent on the stiffener arrangement; the cross stiffened square 
plates deform less than the double stiffened square plates despite the fact both 
configurations have two stiffeners. 
For a given plate geometry with stiffeners of the same size, the maximum mid-
point displacement decreases as the number of stiffener increases. From single 
stiffened square plates to double cross stiffened square plates a reduction of about 
20% in maximum mid-point displacement is achieved for the same load intensity. 
For unstiffened rectangular plates, the highest point of deflection occurs at either 
side of the centreline of the longest sides. However, for the double stiffened 
rectangular plates, the highest point of deflection occurs in the central area of the 
plate. 
TmNNING MECHANISM 
Thinning at the boundary is observed for all plates irrespective of stiffener sizes 
and configurations but is not consistent all around the boundary. 
However, thinning at any other part of the plate seems to be dependent on the 
stiffener configuration. Plate thinning at the stiffener is observed only for double 
and double cross stiffened plates. In all such cases, the plate only thins at the side 
of the stiffener that is closest to the boundary. No sign of thinning is observed 
between the parallel stiffeners. 
Thinning of the stiffener is only observed in the case where two stiffeners cross 
each other perpendicularly; cross stiffened and double cross stiffened plates. 
Thinning only takes place at the top of the stiffener. No thinning is observed for 
the one way stiffeners. 
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Mode II failure 
Tearing always occurs first at the centre of one side of the non-stiffened square 
plates. However, for single or double stiffened square plates tearing first takes 
place at the centre of one of the sides parallel to the stiffeners whereas for 
rectangular plates, tearing first occurs at the centre of one of the longest sides. 
These Mode II failures (tensile tearing) are found to be a function of maximum 
displacement of the plate irrespective of the stiffener sizes and stiffener 
configurations. The maximum central displacement associated with these failures 
decreases as the stiffness of the plate increases. 
During the Mode II failures the torn sides of the plate exhibited a "pulling-in" near 
its centre. This "pulling-in" apparently results from the deformation of the plate 
and seems to be a function of the length of the tear. 
Finite element results 
The explicit solution scheme in ABAQUS has proved to be successful in the 
analysis of stiffened quadrangular plates exposed to uniform blast loads, which 
involves highly non-linear material and geometric behaviour provided the 
parameters such as mesh density, material properties and element types are 
incorporated properly. 
Correlation between the predicted results and the experimental data is very close. 
This numerical investigation has highlighted the benefits of using the new 
approach to include temperature effects in the modelling of structures, such as 
plates, undergoing blast loads. The results obtained are very encouraging. So far, 
no other model has shown such good correlation especially for cases where 
tearing is involved. 
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The numerical solutions that include temperature dependent material properties 
show that plate failure involves a thermo-mechanical cycle whereby at localised 
areas, increasing strain results in increasing temperatures causing the material to 
weaken. The degraded material properties result in strain and temperature values 
high enough to indicate the occurrence of thinning or tearing. 
MODE I PREDICTION 
The analysis for Mode I failure is investigated using material properties that 
include and exclude temperature dependence in conjunction with a strain rate 
effect. In both cases, Mode I failure is well predicted for the various stiffener 
configurations and sizes for the different quadrangular plates. No sign of very 
high strain localisation at the boundary or in the central region of the plate is 
exhibited by the simulations. Comparisons with experimental data for mid-point 
deflection, contour plot and structure profiles exhibit a close relationship for the 
full range of impulses tested. However, in all cases the model using material 
properties that include temperature dependency compares slightly better than the 
model that uses material properties that exclude temperature dependency. The 
latter is due to the weakening of the material properties as the temperature 
increases. 
MODE II PREDICTION 
In the analysis, the prediction for Mode II failure is based on a criterion of 
maximum equivalent plastic strain and works in conjunction with a strain rate 
effect and temperature dependent effect. This failure mode is predicted to occur 
first at the middle of the side boundaries at a critical impulse. For higher impulses, 
complete tearing of the boundaries is predicted to occur by means of high strain 
and temperature values or severely elongated elements or distorted elements 
caused by the imposition of an unrealistic strain of 200% failure strain criterion. 
The experimental evidence provided herein compares favourably with the 
predicted Mode II failures. 
The predicted critical impulse for Mode II failure at the boundary was found to be 
independent of the stiffener size. However, the predicted central displacement 
associated with these failures did decrease withincreasing stiffener size. 
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9.0 Recommendations 
As a result of the findings and conclusions of this report, the following 
recommendations are made: 
• Further tests at load intensities that would cause the plate to tear should be 
carried out to investigate the link between the "pulling-in" of the tom side of 
the plate and the stiffener sizes and configurations. Additional tests should be 
done to investigate Mode III failures of stiffened plates. 
• The effect of the stiffener configurations on thinning mechanisms should also be 
investigated furt er. 
• The effect of stiffener configuration on the material failure should be extended 
to include other plate geometries and stiffener geometries (T-beam for 
example), and further other stiffener arrangements with the stiffener running 
along the plate diagonals where plastic hinges occur. 
• Other type of loading conditions such as localised blast loads or explosives 
loaded on the side of the plate where the stiffeners are should be investigated. 
• The finite element model should be further investigated using technique that 
implements the Jones-Wilkins-Lee (JWL) equation of state to determine the 
material behaviour of the explosive. Thereafter, apply a contact to contact 
boundary interaction between the explosive and the plate to model the plate 
response as opposed to the pressure loading technique used herein. 
• Despite the fact that the strain rate and temperature dependence have given 
good results further investigations should be done on the effect of the strain 
rate on the temperature dependence of material properties and vice versa. 
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Results of uni-axial tensile tests 
The values for forces and displacement were obtained from the "Zwick" machine 
and converted to stress and strain. The data were plotted on a stress vs strain 
curve (see Figure A.l) from which the dynamic stress was extrapolated. The static 
yield stress was then calculated from the dynamic yield stress using the Cowper-
Symonds equation. 
Specimen Diameter Crosshead Yield Strain Dynamic Static % Strain 
speed Force Rate Stress Stress at Failure 
mm mm/min N Is MPa MPa 
C2 5.06 100 6630 0.0859 329.7 225.2 35.5 
C3 5.02 200 6570 0.1707 331.9 248.6 39.4 
C4 5.00 200 6550 0.1673 333.6 250.1 35.5 
C5 5.10 200 6840 0.1715 334.8 250.7 34.3 
C6 5.04 300 6850 0.2538 343.4 251.9 33.4 
C7 5.06 300 6940 0.2434 345.1 253.8 35.3 
C8 5.02 100 6460 0.0797 326.4 253.5 34.4 
C9 5.00 50 6200 0.0419 315.8 252.0 37.5 
CIO 5.02 5 5980 0.0046 302.1 260.0 38.4 
Average 249.5 36.0 
AI 5.00 5 5860 0.0045 298.4 256.8 38.2 
A2 5.00 50 6070 0.0424 309.1 246.6 34.4 
A3 5.06 100 6400 0.0838 318.3 246.6 34.2 
A4 5.08 100 6450 0.0900 318.2 245.7 35.7 
AS 5.04 150 6380 0.1320 319.8 242.6 32.0 
A6 5.00 200 6500 0.1733 331.0 247.8 35.6 
A7 5.14 200 6780 0.1631 326.7 245.3 37.0 
A8 5.06 300 6730 0.2352 334.7 246.6 34.3 
Average 247.2 35.2 
Table A.l Uniaxial Tensile test results 
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Figure A.l : Typical stress vs strain curve from uni-axial tensile tests 
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Ballistic Pendulum 
A general set up of the pendulum is shown in Figure C.l. 
The linearised eq ation of motion of the ballistic pendulum, assuming viscous 
damping is 
X+ 2{3. X+ m,;. X= o (C.l) 
where 
and C is the damping coefficient, M is the total mass of the pendulum 
including the test rig, I-beam and balancing mass, and T is the natural period of 
the pendulum. 
The solution of the equation C.l is given by 
where X0 is the initial velocity of the pendulum. 
T 
Let x1 be the horizontal displacement at t = 4 
3T 
and -x2 be the horizontal displacement at t = 4 
Substituting into equation C.2 gives 
xo. T -0.25(J.T 
X1 = --.e 
2.Jr 
X{). T -0.75(J.T 
X2= --.e 
2.Jr 
(C.2) 
(C.3) 
(C.4) 
Appendix C - Ballistic Pendulum 
Hence 
g1vmg 
and 
_:5_ = e o.5fl.T 
x2 
2 (x1 J /3=-ln-T x2 
2tr x = - x e o.25fl.T 
0 T. I' 
The impulse can therefore be calculated from 
I= M x· 
. (} 
145 
(C.S) 
(C.6) 
(C.7) 
(C.8) 
The natural period T is simply determined by averaging a number of measured 
pendulum oscillations. The damping constant; ~; is calculated from equation C.6 
where XI and X2 are found from measurements taken from several pendulum 
oscillations in which the pendulum was drawn back and released. 
From the pendulum geometry; (Figure C.l) below, it can be noted that the distance 
moved by the pendulum and that measured by the pen are not the same, and this 
must be accounted for. 
Figure C.l Ballistic pendulum geometry 
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Considering Figure C.l, the horizontal distance between the end of the pendulum 
and the pen when then pendulum is stationary is given by 
dl = (Z2 - a2)0.5 
while at its maximum amplitude, the distance decreases and is given by 
dz = (Z2 - (a + y)2)0.s 
(C.9) 
(C.lO) 
During testing, the pendulum oscillates at a very low amplitude thus giving a very 
small angle; e and therefore it can be assumed that 
R.B2 
x1 = R.e and y = --
2 
Hence 
and 
From Figure C.l 
2 
x, 
y=-
2.R 
X1 =~R+ d1- dz 
and xz = ~L- d1 + dz 
Substituting for d1 and dz, we have 
x, ~ M+(Z2 -a')''-[ z' -(a+;~ H' 
and 
where 
(C.ll) 
(C.12) 
(C.13) 
(C.14) 
~L, ~R, Z, a, and R are measured and therefore X1 and xz can be calculated. 
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Table C.l shows the data of ballistic pendulum. 
Mass of I-Beam 
Mass of Clamping Rig 
Mass of Counter Balance 
Total Pendulum Mass 
(M) 
R 
z 
a 
T 
28155g 
15385g 
23690g 
67230g 
2584mm 
119.62mm 
62.7mm 
3.19s 
Table C.l : Ballistic Pendulum Details 
Figure C.2 : Ballistic pendulum 
147 
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Explosive Layout 
The physical layout of the plastic explosive was as used previously by Nurick[2]. 
For the set of experiments done, two quadrangular sections of areas 159mm x 
lOOmm and 126mm x 126mm were loaded with PE4 of mass ranging from 13 to 
26.5g. The dimensions of concentric rectangular annuli were obtained from the 
calculations shown below. The total exposed area of the test specimen was divided 
into two equal parts; A1 and Az. These two areas were subsequently divided into 
equal parts again and the appropriate width and breadth was calculated. 
r--------------------~ 
r--------------------------~ 
i 
i 
I 
i 
I 
i 
12 i L---------··---------------~ 
11 L--------------------
and Lz Wz = 2(h wz) 
For the square plates For the rectangular plates 
L1 =W1 L1 = 1.59Wl 
Lz =Wz Lz = 1.59Wz 
h = W1 h = 1.59wl 
h = wz h = 1.59wz 
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Plate Geometry 
E.1 Square Plate 
I 
. 
I 
. 
226 172 126 - --- - - --- - _l_-- ---
I 
t+----126,---~ 
t+-----172----~ 
~------226,-----------~ 
Plate thickness : 1.6mm 
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E.2 Single st iffened square Plate 
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~-----------226------------~ 
Plate thickness: 1.6mm 
Stiffener width; w: 3, 4mm 
Stiffener height : 3, 7mm 
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E.3 Double stiffened square Plate 
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Plate thickness : 1.6mm 
Stiffener width: 3mm 
Stiffener height: 3, 7mm 
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E.4 Double cross stiffened square Plate 
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E.5 Cross stiffened square Plate 
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Plate thickness : 1.6mm 
Stiffener width: 3mm 
Stiffener height: 3, 7mm 
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E.G Rectangular Plate 
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Plate thickness : 1.6mm 
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E. 7 Double stiffened rectangular Plate 
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+-51 ---+- ~51-+ +-51-. 
h 
-- - ¥-~ 
' I 
226 172 100 
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Plate thickness: 1.6mm 
Stiffener widt h : 3mm 
Stiffener height : 3 , 7mm 
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Plate dimensions 
Specimen Type B L w h t 
(mm) (mm) (mm) (mm) (mm) 
sos (R) 99.90 159.00 0.000 0.000 1.612 
Sll (R) 99.90 159.90 0.000 0.000 1.608 
sso (R) 99.90 158.80 0.000 0.000 1.595 
S51 (R) 99.90 159.80 0.000 0.000 1.627 
S53 (R) 99.84 158.80 0.000 0.000 1.625 
D32 ( -DS) 99.80 158.86 3.060 3.000 1.607 
D57 ( -DS) 99.80 158.90 3.100 2.990 1.631 
D55 ( -DS) 99.90 158.70 3.100 3.015 1.601 
DSO ( -DS) 99.80 158.90 3.100 3.021 1.587 
D31 ( -DS) 99.80 158.70 3.140 2.990 1.618 
D36 ( -DS) 100.00 158.84 3.140 2.993 1.625 
D52 (R-DS) 100.00 158.60 3.160 3.010 1.600 
Dl3 (R-DS) 99.90 159.00 3.020 6.976 1.597 
DOS (R-DS) 99.84 158.82 3.180 7.004 1.603 
D09 (R-DS) 99.80 158.84 3.100 7.005 1.549 
DOl (R-DS) 99.70 158.80 3.140 6.990 1.609 
Dll (R-DS) 99.90 158.70 3.120 6.997 1.566 
D07 (R-DS) 99.70 158.86 3.080 6.961 1.467 
D24 (R-DS) 100.00 159.00 3.040 7.003 1.593 
SOl (S) 125.80 125.80 0.000 0.000 1.632 
S03 (S) 125.90 126.00 0.000 0.000 1.617 
S07 (S) 125.90 126.00 0.000 0.000 1.601 
Sl7 (S) 126.00 126.00 0.000 0.000 1.608 
S56 (S) 126.00 126.00 0.000 0.000 1.595 
T04 (S-CS) 125.90 125.90 3.100 3.003 1.589 
Sl4 (S-CS) 125.90 125.90 3.000 7.028 1.590 
Sl6 (S-CS) 125.90 125.90 3.100 6.971 1.590 
S43 (S-CS) 125.90 125.90 3.100 6.979 1.589 
S46 (S-CS) 125.90 125.90 3.100 6.983 1.580 
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Specimen Type B L w h t 
(mm) (mm) (mm) (mm) (mm) 
519 (5-C5) 125.90 125.90 3.100 7.006 1.604 
545 (5-C5) 125.90 125.90 3.100 7.015 1.609 
T01 (5-DC5) 125.70 125.70 3.100 3.005 1.609 
T12 (5-DC5) 125.90 125.90 3.070 7.002 1.601 
T10 (5-DC5) 125.70 125.70 3.120 6.999 1.606 
T02 (5-DC5) 125.90 125.90 3.140 7.008 1.604 
M73 (5-D5) 125.80 125.80 3.100 3.000 1.610 
M27 (5-D5) 125.80 125.80 3.140 6.995 1.481 
M22 (5-D5) 125.80 125.80 3.160 6.980 1.610 
M17 (5-D5) 125.80 125.80 3.180 6.990 1.610 
AOO (5-5) 125.73 125.77 3.284 2.985 1.629 
AOl (5-5) 125.75 125.71 2.956 3.062 1.620 
A03 (5-5) 125.70 125.69 3.100 2.956 1.596 
A07 (5-5) 125.67 125.69 3.120 2.986 1.596 
A09 (5-5) 125.65 125.61 3.136 2.921 1.651 
All (5-5) 125.61 125.60 3.328 3.015 1.595 
A13 (5-5) 125.60 125.63 3.348 3.077 1.621 
A17 (5-5) 125.63 125.52 3.364 2.992 1.596 
K28 (5-5) 125.80 125.80 3.140 6.970 1.588 
K10 (5-5) 125.80 125.80 3.216 6.965 1.601 
C03 (5-5) 125.85 125.79 4.096 2.903 1.569 
C17 (5-5) 125.92 125.91 4.120 2.991 1.549 
COl (5-5) 125.64 125.59 4.156 2.974 1.506 
C07 (5-5) 125.70 125.80 4.160 2.971 1.609 
C13 (5-5) 125.80 125.82 4.164 2.947 1.627 
C04 (5-5) 125.57 125.58 4.176 2.972 1.532 
Cll (5-5) 125.76 125.76 4.200 2.953 1.591 
K03 (5-5) 125.80 125.80 4.100 6.970 1.590 
K24 (5-5) 125.80 125.80 4.140 6.978 1.614 
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Typical input deck 
Uniform blast loading on cross stiffened square plate 
using temperature dependent material properties 
*HEADING 
Crossed Stiffener (Square plate) 3x7mm 
Units : m, Pa 
Impulse 35 Ns 
Continuum Element 
*preprint, model=no, echo=no, history=yes 
**-----------------------------------------------------------
** Definition of nodes 
*NODE, SYSTEM=R 
1, 5.3500000E-02,-4.4000000E-03,-8.0000000E-03 
2, 5.2330000E-02,-4.4000000E-03,-8.0000000E-03 
3, 5.1160000E-02,-4.4000000E-03,-8.0000000E-03 
4, 4. 9990000E-02,-4.4000000E-03,-8.0000000E-03 
5, 4.8820000E-02,-4.4000000E-03,-8.0000000E-03 
6, 4. 7650000E-02,-4.4000000E-03,-8.0000000E-03 
7, 4.6480000E-02,-4.4000000E-03,-8.0000000E-03 
8, 4.531 OOOOE-02,-4.4000000E-03,-8.0000000E-03 
43 701,-5. 7500000E-03,-5 .2000000E-03, 5. 4500000E-02 
43702,-6.5000000E-03,-5.2000000E-03, 5.4500000E-02 
43 703,-7 .2500000E-03,-5. 2000000E-03, 5 .4500000E-02 
43 706,-5. 7500000E-03,-5. 2000000E-03, 5 .5000000E-02 
43707,-6.5000000E-03,-5.2000000E-03, 5.5000000E-02 
43 708,-7. 2500000E-03,-5 .2000000E-03, 5 .5000000E-02 
43 716,-5. 7500000E-03,-4. 8000000E-03, 5 .4000000E-02 
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** Generation of elements 
*ELEMENT,TYPE=C3D6 ,ELSET=E0000001 
20255, 27648, 27649, 1224, 27693, 27694, 1275 
20253, 27646, 27647, 1224, 27691, 27692, 1275 
20252, 27645, 27646, 1224, 27690, 27691, 1275 
20251, 27644, 27645, 1224, 27689, 27690, 1275 
20250, 27643, 27644, 1224, 27688, 27689, 1275 
20249, 27021, 27643, 1224, 27276, 27688, 1275 
20191, 27558, 27559, 1122, 27603, 27604, 1173 
20159, 27513, 27514, 1071, 27558, 27559, 1122 
20224, 27604, 918, 1173, 27649, 969, 1224 
*ELEMENT, TYPE=C3D8R ,ELSET=E0000002 
32, 32, 33, 84, 83, 287, 288, 339, 338 
33, 33, 34, 85, 84, 288, 289, 340, 339 
34, 34, 35, 86, 85, 289, 290, 341, 340 
35, 35, 36, 87, 86, 290, 291, 342, 341 
36, 36, 37, 88, 87, 291, 292, 343, 342 
37, 37, 38, 89, 88, 292, 293, 344, 343 
38, 38, 39, 90, 89, 293, 294, 345, 344 
39, 39, 40, 91, 90, 294, 295, 346, 345 
31415, 43717, 43718, 43723, 43722, 40882, 40886, 40887, 40883 
31416, 43718, 33583, 33588, 43723, 40886, 33584, 33589, 40887 
31417, 31648, 43721, 43726, 31649, 30632, 40879, 40880, 30633 
31418, 43721, 43722, 43727, 43726, 40879, 40883, 40884, 40880 
31419, 43722, 43723, 43728, 43727, 40883, 40887, 40888, 40884 
31420, 43723, 33588, 33593, 43728, 40887, 33589, 33594, 40888 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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**Definition of material properties 
** 
*SOLID SECTION, ELSET=E0000001, MATERIAL=STEEL 
*MATERIAL, NAME=STEEL 
*SPECIFIC HEAT 
660. 
*DENSITY 
7850., 
*INELASTIC HEAT FRACTION 
*ELASTIC 
2.070E+ 11, 0.3, 0 
1.953E+11, 0.3, 200 
1.720E+ 11, 0.3, 600 
1.460E+ 11, 0.3, 700 
1.249E+ 11, 0.3, 800 
1.094E+ 11, 0.3, 900 
1.001E+ 11, 0.3, 1000 
9.700E+ 10, 0.3, 1100 
*PLASTIC 
2.59E+08, 0. ,0 
2.74E+08, 0.007185 ,0 
3.25E+08, 0.025556 ,0 
3.85E+08, 0.051413 ,0 
4.48E+08, 0.091745 ,0 
4.75E+08, 0.115659 ,0 
5.06E+08, 0.150734 ,0 
5.23E+08, 0.174145 ,0 
5.41E+08, 0.204152 ,0 
5.51E+08, 0.226766 ,0 
5.58E+08, 0.247764 ,0 
5.48E+08, 0.280197 ,0 
2.59E+08, 0. ,200 
2.74E+08, 0.007185 ,200 
3.25E+08, 0.025556 ,200 
3.85E+08, 0.051413 ,200 
4.48E+08, 0.091745 ,200 
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4.75E+08, 0.115659 ,200 
5.06E+08, 0.150734 ,200 
5.23E+08, 0.174145 ,200 
5.41E+08, 0.204152 ,200 
5.51E+08, 0.226766 ,200 
5.58E+08, 0.247764 ,200 
5.48E+08, 0.280197 ,200 
3.44E+07, 0. ,700 
3.64E+07, 0.007185 ,700 
4.32E+07, 0.025556 ,700 
5.12E+07, 0.051413 ,700 
5.96E+07, 0.091745 ,700 
6.32E+07, 0.115659 ,700 
6.73E+07, 0.150734 ,700 
6.96E+07, 0.174145 ,700 
7.19E+07, 0.204152 ,700 
7.33E+07, 0.226766 ,700 
7.42E+07, 0.247764 ,700 
7.29E+07, 0.280197 ,700 
4.30E+06, 0. ,1000 
4.54E+06, 0.007185 ,1000 
5.40E+06, 0.025556 ,1000 
6.39E+06, 0.051413 ,1000 
7.44E+06, 0.091745 ,1000 
7.89E+06, 0.115659 ,1000 
8.40E+06, 0.150734 ,1000 
8.68E+06, 0.174145 ,1000 
8.98E+06, 0.204152 ,1000 
9.15E+06, 0.226766 ,1000 
9.26E+06, 0.247764 ,1000 
9.10E+06, 0.280197 ,1000 
*RATE DEPENDE T 
40.4, 5. 
*INITIAL CONDITIONS, TYPE= TEMPERATURE 
,23.0 
*SOLID SECTION, ELSET=E0000002, MATERIAL=STEEL 
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** Analysis Steps 
** Step 1 - Blast Load 
*STEP 
*DYNAMIC,EXPLICIT,ADIABATIC 
,14.5E-06 
*RESTART,WRITE,NUMBER INTERVAL= 3 
** BOUNDARY CONDITION SET 1 
** RESTRAINT SET 1 
*BOUNDARY,OP=NEW 
BS000001, 1, O. OOOOOE+OO 
BS000001, 4, 6, O.OOOOOE+OO 
BS000002, 3, 6, O.OOOOOE+OO 
BS000003, 1, O. OOOOOE+OO 
BS000003, 3, 6, O.OOOOOE+OO 
BS000004, 1, 6, O.OOOOOE+OO 
** LOAD SET 1 
*DLOAD,OP=NEW 
BSOOOOOS, P1, 1.5200E+08 
BS000006, P2, 1.5200E+08 
BS000007, P2, 1.5200E+08 
BS000008, P3, 1.5200E+08 
BS000009, PS, 1.5200E+08 
BSOOOOlO, P6, 1.5200E+08 
*FILE OUTPUT,NUMBER INTERVAL= 100 
*NODE FILE, nset=ns_out 
u 
*END STEP 
*************************************************************** 
** Step 2 - Zero Input 
** 
*Step 
*Dynamic, Explicit, adiabatic 
,SSO.E-6 
*RESTART,WRITE,NUMBERINTERVAL= 6 
** LOAD SET 2 - o Load 
*DLOAD, OP=new 
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*file output, number interval=1000 
*node file, nset=ns_out 
u 
*END STEP 
*************************************************************** 
** Definition of boundary conditions and constraints 
*nset, nset=ns_out 
27978 
*NSET,NSET =BS000001 
205,1277,1278,1279,1283,1287,1291,1295,1299,1303,1307,1311,1315,1319,1323 
1327,1331,1335,1339,1343,1347,1351,1355,1359,1363,1367,1371,1375,1376,1377 
1378,1379,1380,1381,1382,1383,1384,1385,1386,1387,1388,1389,1390,1391,1392 
27798,27802,27814,27818,27830,27834,27846,27850,27862,27866,27878,27882 
27894,27898,27968,27969,27970,27971,27973,2797 4,27975,27976,43576,43577 
43588,43589,43600,43601,43612,43613,43624,43625,43636,43637,43648,43649 
*NSET ,NSET = BS000002 
27707,27708,27709,27723,27724,27725,27739,27740,27741,27755,27756,27757 
27771,27772,27773,27787,27788,27789,27803,27804,27805,27819,27820,27821 
27835,27836,2783 7,27851,27852,27853,2786 7,27868,27869,27883,27884,27885 
40784,40788,40800,40804,40808,40820,40824,40828,40840,40844,40848,40860 
40864,40868,40880,40884,40888,43666,4366 7,43668,43686,43687,43688,43 706 
43 707,43 708,43 726,43 727,43 728 
*NSET ,NSET =BS000003 
27710,27726,277 42,27758,2777 4,27790,27806,27822,27838,27854,27870,27886 
27902,27978,27979,27980,27981 
*NSET ,NSET =BS000004 
20079,20080,20081,20082,20083,20084,20085,20086,20087,20088,20089,20090 
20091,20092,20093,20094,2009 5,20096,20097,20098,20099,20100,20101,20102 
42474,42476,42477,42479,42480,42482,42483,43558,43559,43561,43562,43564 
43565, 
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*ELSET 1ELSET = BS000005 
14491145011451114521145311454114551145611457114581145911460114611146211463 
14641146511466114671146811469114701147111472114731147411475114761147711478 
39241392513926139271392813929139301393113932139331393413935139361393 713938 
3939139401394113942139431394413945139461394713948131373131374131375131376 
31377131378131379131380131381131382131383131384 
*ELSET 1ELSET =BS000006 
202 49120250120251120252120253120254120255120256 
*ELSET 1ELSET =BS000007 
19929119930119931119932119933119934119935119936119937119938119939119940 
19941119942119943119944119945119946119947119948119949119950119951119952 
19953119954119955119956119957119958119959119960119961119962119963119964 
20121120122120123120124120125120126120127120128120225120226120227120228 
20229120230120231120232120233120234120235120236120237120238120239120240 
202 411202421202431202 441202 451202461202 471202 48 
*ELSET IELSET = BS000008 
80118021803181318141815182518261827183718381839122201122202122203122213 
22742122743122753122754122755122765122766122767122777122778122779122789 
22790122791 
*ELSET IELSET = BS000009 
151115211531154115511561157115811591160116111621163116411651166 
167116811691170117111721173117411751176117711781179118011811182 
761176217631764176517661767176817691770177117721773177417751776 
777177817791780178117821783178417851786178717881789179017911792 
7931794179517961797179817991800 
*ELSET 1ELSET =BS000010 
849185318571861186518691873187718811885188918931897190119051909 
913191719211925192919331937194119451949195319571961196519691973 
13411134511349113531135711361113651136911373113771138111385113891139311397 
14011140511409114131141711421114251142911433114371144111445120365120369 
20373120377120381120385120389120393120397 
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Typical input deck 
Uniform blast loading on rectangular plate using material 
properties that exclude temperature dependency 
*HEADING 
No Stiffener (Rectangular plate) 
Continuum Element 
Units : m, Pa 
Impulse 35 Ns 
*preprint, model=no, echo=no, history=yes 
**-----------------------------------------------------------
** Definitions of nodes 
*NODE, SYSTEM=R 
1,-2.5500000E-02, 6. OOOOOOOE-03,-2.1500000E-02 
2,-2.5500000E-02, 3. 9200000E-03,-2.1500000E-02 
3,-2.5500000E-02, 1.8400000E-03,-2.1500000E-02 
31307, 5.5000000E-02, 1.8400000E-03,-2.4500000E-02 
31308, 5 .5000000E-02,-2.4000000E-04,-2. 4500000E-02 
31309, 5.5000000E-02,-2.3200000E-03,-2.4500000E-02 
** Generation of elements 
*ELEMENT,TYPE=C3D6 ,ELSET=E0000001 
7679, 10712, 10713, 8597, 10757, 10758, 8628 
7677, 10710, 10711, 8597, 10755, 10756, 8628 
7676, 10709, 10710, 8597, 10754, 10755, 8628 
*ELEMENT, TYPE=C3D8R ,ELSET =E0000002 
1432, 2168, 2169, 2175, 2174, 2594, 2595, 2601, 2600 
1433, 2169, 2170, 2176, ......... 29818, 31123, 31303, 
8494, 8499, 31309 
************************************************************************** 
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**Definition of material properties 
** 
*SOLID SECTION, ELSET=EOOOOOOl, MATERIAL=STEEL 
*MATERIAL, NAME=STEEL 
*ELASTIC, TYPE=ISOTROPIC 
2.07E+ 11, 0.285 
*DENSITY 
7850., 
*PLASTIC 
3.08E+08, 0. 
3.55E+08, 0.0085 
3.90E+08, 0.017 
4.25E+08, 0.029 
4.60E+08, 0.042 
4.85E+08, 0.055 
5.15E+08, 0.072 
5.40E+08, 0.094 
5.50E+08, 0.106 
5.65E+08, 0.14 
5.69E+08, 0.1721 
5.65E+08, 0.212 
*SHEAR F AlLURE 
2.0 
*RATE DEPENDENT 
40.4, 5. 
*SOLID SECTION, ELSET=E0000002, MATERIAL=STEEL 
****************************************************************************** 
** Analysis Steps 
** Step 1 - Blast Load 
*STEP 
*DYNAMIC,EXPLICIT 
,14.5E-06 
*RESTART,WRITE,NUMBER INTERVAL= 3 
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** BOUNDARY CONDITION SET 1 
** RESTRAINT SET 1 
*BOUNDARY,OP=NEW 
BS000001, 1, O.OOOOOE+OO 
BS000001, 4, 6, O.OOOOOE+OO 
BS000002, 3, 6, O.OOOOOE+OO 
BS000003, 1, O.OOOOOE+OO 
BS000003, 3, 6, O.OOOOOE+OO 
BS000004, 1, 6, O.OOOOOE+OO 
**LOAD SET 1 
*DLOAD,OP=NEW 
BSOOOOOS, P2, 1.5200E+08 
BS000006, P2, 1.5200E+08 
BS000007, P4, 1.5200E+08 
BS000008, PS, 1.5200E+08 
*FILE OUTPUT,NUMBER INTERVAL= 100 
*NODE FILE, nset=ns_out 
u 
*END STEP 
*************************************************************** 
** Step 2 - Zero Input 
** 
*Step 
*Dynamic, Explicit 
,SSO.E-6 
*RESTART,WRITE,NUMBERINTERVAL= 6 
** LOAD SET 2 - o Load 
*DLOAD, OP=new 
*file output, number interval=1000 
*node file, nset=ns_out 
u 
*END STEP 
*************************************************************** 
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** Definition of boundary conditions and constraints 
*nsetl nset=ns_out 
27978 
*NSET 1NSET =BS000001 
84991850018501185021850318534185651859618627186581868918720187511878218813 
884418875189061893 718968189991903019061190921912311106411106511106611106 7 
1106811121911122011122111122211122311137 41113751113761113771113781 ... 
305641305651307 471307 481307 4913075013075113093313093413093513093613093 7 
31119131120131121131122131123131305131306131307131308131309 
*NSET INSET =BS000002 
21011210212103121041210512106121301297712978129791298012981129821340313404 
34051340613407134081382913830138311383213833138341558615587155881 .. , 
27977127978127979127980127982127983127984127985127987127988127989127990 
27992127993127994127995127997127998127999128000128002128003128004128005 
*NSET INSET= BS000003 
21759121760121761121762121763 
*NSET INSET= BS000004 
21311213212133121341213512136121371213812139121401214112142121431214412145 
21461214712148121491215012151121521215312154121551215612157121581 ... .. 
29994129995129997129998129999130000130001130003130004130005130006130007 
*ELSET 1ELSET = BS000005 
767317674176751767617677176781767917680 
*ELSET 1ELSET =BS000006 
76491765017651176521765317654176551765617657176581765917660176611766217663 
76641766517666176671766817669176701767117672 
*ELSET 1ELSET =BS000007 
76841768817692176961770017704177081771217716177201772417728177321773617740 
.... .. 16020116024116028116032116036116040116044116048116052116056 
16068116072116076116080 
*ELSET 1ELSET = BS000008 
60431604416045160461604716048160491605016051160521605316054160551605616057 
60581605916060160611606216063160641606516066160671606816069160701607116072 
616316164161651616616167161681616916170 ... 
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Finite Element models and results 
H.1 Square plate 
~ 
Z X 
Lf2 
Mesh model and 
Boundary conditions 
<O.i&1& 
+2,5<£-o3 
- -t5.(ff-o3 
·- •7.57E-o3 
+1,01£-<12 
. +1.2E£-<12 
+1,51£-<12 
- +1.7/E-<12 
+2,0i£-<12 
+2,2/E-<12 
+2,5<£-<12 
+2, 7[£-(12 
.. +3,0?£-<12 
+3, 2E£-<12 
X~ 
y 
~ 
Z X 
Temperature distribution 
at impulse 38Ns 
ID1P •2.*.!&_ 
+6. 74E<Ol 
- +1,1>£<02 
+1,5:£<02 
+2,00:<02 
+2. 45:<02 
+2.B!B<e 
+3,34E<02 
+3,7[£<02 
+<I.Z<£<02 
+<1.67E<02 
-t5.11E<02 
- -t5.5:£<02 
+6.00:<02 
Square plate 
model 
Displacement in the 
y-direction at impulse 38Ns 
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H.2 Single st iffened square plate (3x3mm) 
U2 
~ 
Z X 
Mesh model and 
Boundary condit ions 
-df~ 
+2.1CE-o3 
- <4. 2CE-(13 
- +6.29':-(13 
+e.~ 
. +l.Cff-<12 
.. +UfE-<12 
.. +1. 47E-<12 
+l.G£-<12 
+l.G£-<12 
+2.1CE-<12 
+2.31E-<12 
+2.Sif-<12 
+2.73::-<12 
~ 
~ 
Z X 
Z X 
Temperature distribution 
at impulse 35 s 
' 
Single Stiffened 
Square plate 
(3x3mm) model 
Displacement in the 
y-direction at impulse 35Ns 
ID1P +2.*~ 
+7,01£-+01 
- +1,17E+CI2 
- +1,64E+CI2 
... +2,:1a::+CI2 
-+Vff+Ce 
- +3,CG:+CI2 
- +3.~+CI2 
+4. OO::+Ce 
+4.47E+CI2 
+4.S4E+CI2 
- +5. 42£+CI2 
-· +5. a:£+CI2 
+6. :!EE+CI2 
~ '<! ........ J~o,..._,_.~~-~ • ~ -- ..,. ,Q.,•"'"'·-'"' .,., .... ,,. •. ....,~ ..... • · ., ~·,.,;;;."''"' ,.,~ .... -. •. .o.;, "<.:~ .......... "" ••• ,.. ~ t1 ,;~~ -"t\~'~.-!..~ .... ' '""""' •Jif\.; r • '*' • vn.>4;.q_ 
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H.3 Single st iffened square plate (3x7mm) 
~ 
Z X 
Mesh model 
~ 
U2 Z X 
~ 
Z X 
Temperature distribution 
at impulse 34Ns 
Single Stiffened 
Square plate 
(3x7mm) model 
Displacement in the 
y-direction at impulse 34Ns 
U2 
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H.4 Single st iffened square plate (4x3mm) 
~ 
Z X 
Mesh model and 
Boundary Condit ions 
«>.ri11& 
+1,52E-o3 
- +3,CfE-o3 
- +4.57E-o3 
- .f£.ca:-o3 
+7,6<£-o3 
-+9,14E-o3 
... +1,07E-<t2 
+1,22E-<t2 
+1,37E-<t2 
+1,52E-<t2 
+1,9£-<12 
-+1.~ 
+1,9£-<12 
~ 
Z X 
Temperature distribution 
at impulse 27Ns 
ID1P +2.~.!&_ 
+5,77E+01 
-+S.<ff+Ol 
... +1,27E+02 
- +1.6<£+02 
+1,97E+02 
. +2,31£+02 
- +2,9£+02 
+3,01£+02 
+3,:i'E+02 
+3,7CE+02 
+4,CfE+02 
-+4.4CE+02 
+4,75':+02 
Single Stiffened 
Square plate 
(4x3mm) model 
Displacement in the 
y-direction at impulse 27Ns 
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H.5 Single st iffened square plate (4x7mm) 
~ 
Z X 
Mesh model and 
Boundary Condit ions 
~ 
Z X 
Temperature distribution 
at impulse 37Ns 
Single Stiffened 
Square plate 
(4x7mm) model 
Displacement in the 
y-direction at impulse 37Ns 
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H.6 Double stiffened square plate (3x3mm) 
~ 
Z X 
Mesh model and 
Boundary Conditions 
~ 
Z X 
Temperature distribution 
at impulse 35Ns 
Double Stiffened 
Square plate 
(3x3mm) model 
Displacement in the 
y-direction at impulse 35Ns 
TEMP +2,c£J& 
-+6. 1SE-+01 
+1,02£-t(Q 
- +1, 4EE-t(Q 
- +1,f:EE-t(Q 
- +2,a£-t(Q 
- +2,ffi:-t(Q 
- +3,11£-t(Q 
+35<£-t(Q 
+3.~-t(Q 
+4, H -t(Q 
+4,M-t(Q 
- +5,1f£-t(Q 
+5. !:f£-t(Q 
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H. 7 Double St iffened square plate (3x7mm) 
~ 
Z X 
l12 
Mesh model and 
Boundary Conditions 
~ 
Z X 
Temperature distribution 
at impulse 39Ns 
181P +2• 
+7. 
+1. 
·- •1 • 
... +2. 
+2. 
+3 • 
.. +3. 
+4. 
+4. 
<5. 
<5. 
+6. 
+6. 
Double Stiffened 
Square plate 
(3x7mm) model 
Displacement in the 
y-direction at impulse 39Ns 
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H.B Double c ross Stiffened square plate (3x3mm) 
l.l2 
~ 
Z X 
Mesh model and 
Boundary Conditions 
~ 
Z X 
~ 
Z X 1B1P +2.*1& 
<tl.aE-+01 
+1.1£E-+(Q 
- +1. B:£-+(!2 
- +2.00:-+(!2 
+2.5<£-+(!2 
+Vl£-+a2 
- +3. 44£-+(!2 
+3. B::£-+(!2 
-NI.:!ff-+(!2 
-NI.BIE-+a2 
-+5. 27E-+a2 
- -+5. ~-+(!2 
Temperature distribution 
at impulse 35 s 
-1£.11£-+(!2 
Double cross stiffened 
Square plate (3x3mm) model 
Displacement in the 
y-direction at impulse 35Ns 
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H.9 Double c ross Stiffened square plate (3x7mm) 
Ll2 
Mesh model and 
Boundary Conditions 
<().&Ill& 
+1.4EE-o3 
+2.9::E-o3 
+4.H-o3 
-+5.0Ct-o3 
+7.21-o3 
+8.7CE-o3 
+1.01£-(Q 
+1.1EE-a2 
+1.:n:-a2 
+1.4EE-a2 
+1.53:-<Q 
74E-a2 
~ 
Z X 
Temperature distribution 
at impulse 35Ns 
lEMP +2.~1&. 
-+6.87E-+01 
-· +1.14E-+a2 
... + 1. 00:: -1((2 
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H.14 Double Stiffened rectangular plate (3x7mm) 
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